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ABSTRACT
During lower-hybrid current-driven (LHCD) tokamak discharges with thermal elec-
tron temperature Te ~~ 150 eV, a two-parallel-temperature tail is observed in the electron
distribution function. The cold tail extends to parallel energy Ell ~ 4.5 keV with temper-
ature Tthd ~ 1.5 keV, and the hot tail extends to El > 150 keV with Thj' > 40 keV.
Fokker-Planck computer simulations suggest the cold tail is created by low power, high-
N1 sidelobes in the lower-hybrid antenna spectrum, and that these sidelobes bridge the
"spectral gap," enabling current drive on small tokamaks such as Versator.
During plasma-formation experiments using 28 GHz electron-cyclotron (EC) waves,
the plasma is born near the EC layer, then moves toward the upper-hybrid (UH) layer
within 100-200ps. Wave power is detected in the plasma with frequency f = 300 MHz,
indicating the EC waves decay into ion modes and electron Bernstein waves during plasma
formation. Measured turbulent plasma fluctuations are correlated with decay-wave am-
plitude. Toroidal currents up to 1p ~ 1 kA are generated, consistent with theory, which
predicts asymmetric electron confinement. Electron confinement measurements agree with
theory. Soft X-rays are emitted with energies up to 6 keV and emission temperatures up
to 1.75 keV.
Electron-cyclotron current-drive (ECCD) is observed with loop voltage Vp < 0 and
fully sustained plasma current I, < 15 kA at densities up to (ne) = 2 x 10" cm-. The
ECCD efficiency r = (ne)IpRo/Pf=0.003, which is 30%-40% of the maximum achiev-
able LHCD efficiency on Versator. The efficiency falls rapidly to zero as the density is
raised above (ne) = 3 x 10" cm 3 , suggesting the ECCD depends on low collisionality.
X-ray measurements indicate the current is carried primarily by electrons with energies
1 keV < E < 10 keV. The efficiency is maximum when the EC layer is 5-6 cm to the
high-field side of the plasma center. The efficiency is independent of launch angle and
polarization.
The EC waves enhance magnetic turbulence in the frequency range 50 kHz <f <400 kHz
by up to an order of magnitude. Assuming the poloidal mode number in = 15, it is esti-
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mated that this reduces the confinement time of electrons with Eli = 80 keV by a factor
of two to six in the outer two-thirds of the plasma, while the effect on electrons with
1 keV < Ell < 10 keV is small. The time-of-arrival of the turbulence to probes at the
plasma boundary is longer when the EC layer is farther from the probes, suggesting the
turbulence is driven by wave damping in the plasma interior.
The theoretically-predicted current-drive synergism between EC and LH waves is not
observed. This is at least in part because the EC waves enhance the losses of the fast,
current-carrying electrons generated by the LH waves, as indicated by increased X-ray flux
from the limiter during EC wave injection. These losses may be caused by the observed
EC-enhanced magnetic turbulence. The enhanced turbulence and losses decrease with
increasing plasma density, and thus may not reduce the EC/LH current-drive efficiency in
a high-density, reactor-grade plasma.
Thesis Supervisor: Dr. Ronald R. Parker
Title: Professor of Electrical Engineering
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CHAPTER 1
BACKGROUND AND THEORY
1.1 MAGNETIC FUSION AND THE TOKAMAK
Nuclear Fusion supplies energy to the sun and stars, making them shine and
preventing their collapse. In an effort to harness this energy source, physicists and
engineers have been trying to develop a fusion power plant since the early 1950s.
The easiest fusion reaction is that of deuterium nuclei (or ions), which consist of
one proton and one neutron, with tritium nuclei, which consist of one proton and
two neutrons:
D+ + T+ - He2+ + n + 17.6 MeV (1)
where He 2+ is a helium nucleus, n is a neutron, 17.6 MeV is the energy released per
reaction, and the superscripts indicate charge. This reaction requires some energy
input. For the nuclei to fuse, the Coulomb repulsive force must be overcome and
the ions brought together to within ~ 10-" meters. At this distance the nuclear
strong force, an attractive force, can overcome the Coulomb repulsion and pull the
nuclei together.
In magnetic fusion, the repulsive force is overcome by confining the ions with a
magnetic field and heating them to extremely high temperatures, forming a plasma.
The quality of a fusion plasma is measured by its ion temperature and Lawson
parameter [1], which is the product of the plasma density n, and energy confinement
time r. The energy confinement time is defined in equilibrium as the total plasma
energy divided by the total power input to (or loss from) the plasma. For an
12
economically feasible fusion reactor, the Lawson parameter must be greater than
about 1014 cm-3-s, and the ion temperature must be about 200,000,000 K.
The most successful magnetic confinement scheme to date has been the toka-
mak, which was invented by Russian physicists [2] in the 1950s and is continually
being refined and improved. As shown in Figure 1-1, the tokamak has two com-
ponents of the magnetic field-a toroidal component directed the long way around
the torus, and a poloidal component circulating the short way around. These com-
ponents add to give field lines that twist helically around the tokamak. Both field
components are needed for the equilibrium and stability of the plasma.
The toroidal magnetic field is produced by a set of coils that are outside the
plasma, as shown in Figure 1-1. The poloidal field is produced by a toroidal plasma
current (often several megaamperes in contemporary tokamaks). Traditionally, this
current has been generated via induction, the plasma being a one-turn secondary
coil of a transformer. Current generated by induction cannot be steady-state, be-
cause it is proportional to the time-rate-of-change of the poloidal magnetic flux
linked by the plasma (see Figure 1-2). That is, the tokamak must be pulsed and the
transformer reset between pulses. Pulsing a reactor fatigues its structure and lowers
its average power output. If current could be economically driven noninductively
in reactor-grade plasmas, a steady-state reactor may be realized. Perhaps the most
promising methods of steady-state current-drive are the injection of high-power mi-
crowaves into the plasma in the "lower-hybrid" and "electron cyclotron" ranges of
frequencies. These two methods are known as "lower-hybrid current-drive" (LHCD)
and "electron- cyclotron current-drive" (ECCD), respectively. Lower-hybrid current-
drive has been demonstrated up to megaampere levels in large tokamaks, but is pre-
dicted to be less effective in reactor-grade plasmas. Electron-cyclotron current-drive
is predicted to be more effective and flexible than LHCD in reactor-grade plasmas,
but it has not yet been demonstrated on a large scale. Another promising method
is to combine electron-cyclotron waves and lower-hybrid waves. This method has
13
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Figure 1-1 Schematic Diagram of a Tokamak. The toroidal-field coils are
spaced uniformly around the torus; only one is shown for clarity.
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not been significantly studied experimentally, but it is theoretically predicted to be
more efficient than either ECCD or LHCD.
The toroidal electric field induced in the tokamak by the transformer primary
has another purpose: it breaks down the initial gas contained in the tokamak vac-
uum chamber, forming the plasma from it and heating the plasma ohmically. If a
noninductive method could be found for breaking down the initial gas and ramping
up and sustaining the plasma current, the expensive and space-consuming trans-
former could be eliminated. A promising method for doing this is to break down
the initial gas with electron-cyclotron waves and subsequently initiate and sustain
the toroidal plasma current using LHCD.
The experiments described in this thesis were designed to explore some of the
above current-drive methods, including LHCD, ECCD, combined LHCD/ECCD,
and transformerless startup. The organization of this thesis is as follows. The
remainder of Chapter 1 describes the basic dispersion, polarization, and absorption
theory of lower-hybrid (LH) and electron-cyclotron (EC) waves, mode conversion of
EC waves, simple current-drive theory, and the past work of other experimenters on
the topics covered in this thesis. The experimental apparatus is described in Chapter
2. Chapters 3, 4, and 5 present the experimental results and include analysis and
theory specific to the phenomena under study. Chapter 3 describes experiments
in which a "two-parallel-temperature" electron tail was observed during LHCD.
Chapter 4 presents results and analysis of experiments on EC plasma formation,
EC-induced turbulence, and ECCD. Chapter 5 describes transformerless startup
and combined ECCD/LHCD experiments. Conclusions are given in Chapter 6, and
details of the theory of LH and EC wave propagation, EC wave absorption, current
drive, and the anomalous Doppler instability are given in Appendices A through D,
respectively.
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1.2 THEORY OF LOWER-HYBRID AND ELECTRON-CYCLOTRON
WAVES
The polarization and dispersion of lower-hybrid (LH) and electron-cyclotron
(EC) waves can be obtained for a cold plasma from Maxwell's equations and the
fluid or kinetic equations. The cold plasma approximation accurately describes
the wave dispersion away from resonance layers, where the wavenumber becomes
very large, and wave damping usually occurs. In the cold-plasma approximation,
k -+ oo at resonance layers, where k1 is the wavenumber perpendicular to the
static magnetic field B0 . In the current-drive regime relevant for the experiments
described in this thesis, there are no resonance layers in the plasma for LH waves,
but resonance layers do exist for EC waves.
Starting with Maxwell's equations, assuming wave fields varying as exp(ik - r -
iwt), using the WIKB approximation, and assuming a linear, dispersive medium, we
obtain the wave equation:
kx(kxE) + -K E = 0. (2)
Under the WKB approximation Ikl > I/&rl, which means the wavelength of the
perturbations is much shorter than the scale length of gradients in equilibrium
quantities such as plasma density or static magnetic field strength. Equation 2 has
been transformed in time and space, k is the wave vector, E is the wave electric-
field, w is the wave frequency, c is the speed of light, and K is the dielectric tensor,
incorporating free-current effects. The dielectric tensor is defined as follows:
K-E = E + J (3)
we 0
17
where J = E n3 Zjevjl is the plasma current (summed over species), no is the
zeroth-order density, Z is the charge state of the species, e is the magnitude of
the charge of the electron, and v, is the first-order (wave-induced) particle velocity.
Applying cold-plasma theory, i. e. , using the fluid equations or the reduced kinetic
equations, the dielectric tensor for B = iB(r) becomes
K= 
--K
0
Ky
Kr.
0
where
K = 1 - ____
2
K 2 _ 2
C e
2
2
%W W -*c
(5)
(6)
(7)K 1 - -2 _
= n e2 Z?/meo is the plasma frequency of the jth species (e. g. electrons or
hydrogen ions), and wcj = ZjeB/mj is the cyclotron frequency of the jth species.
For the plasma interior (i. e. , not in the coupling region), the situation shown
in Figure 1-3 can be assumed without loss of generality, so that Nil = cki/w =
(ck/w) cos0 and N1 = cki/w = (ck/w)sin6. Substituting into the wave equation
gives
Nil N
K,, Y
K0,-N 2
0
NilNj_ E.,
0KE) = 0.
K1, - N2 E,
(8)
(4)
zk
E
kz
E,,
/J
x/
Figure 1-3 Coordinate system for accessibility calculation in slab geometry.
V 1L V 1L
VII
Figure 1-4a Displacement in velocity. Figure 1-4b Displacement by EC waves.
space by LH waves.
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The dispersion relation is obtained by setting the determinant of this system of
equations to zero. This yields the following quadratic equation for N':
K..Ni + NI[(K.. + KZZ)N 2 - (Kiy + K2 1 + K Kzz)I
(9)
+ K,, [(N 2 - K,)2 + Ki,= 2 .
This equation can be used to describe the dispersion of LH waves and EC waves in
a cold plasma, as shown in Appendix A.
Calculating the absorption of electron-cyclotron waves is complicated, and an-
alytical expressions are not available for the general case. However, using suitable
assumptions the absorption on Versator can be estimated for a Maxwellian plasma.
This is done in Appendix B. It is shown that the single-pass absorption by the
thermal electron population on Versator for the 0-mode is expected to be about
13% for propagation perpendicular to B and 6% for propagation at 450 to B. For
the X-mode, 0.02% and 23% are expected for perpendicular and 450 propagation,
respectively.
Although the absorption of the X-mode by thermal electrons in Versator-II
is generally very weak, this mode can linearly convert [3] or parametrically decay
[4] into the Electron Bernstein wave [5] at the upper-hybrid layer, as described in
Appendix C. The electron Bernstein (EB) wave is strongly damped by the thermal
electrons, and can thereby heat the bulk plasma. During parametric decay the
EC "pump" wave at frequency fo decays into a low-frequency lower-hybrid wave at
frequency fi e flh and an EB wave at frequency f2 = fo - fi. flh is the lower hybrid
frequency. As will be seen in Chapter 4, parametric decay can occur in Versator
EC-formed plasmas, as indicated by the detection of the low-frequency mode at fl.
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1.3 THEORY OF CURRENT DRIVE
To gain a realistic qualitative picture of how current-drive works, and to obtain
accurate quantitative predictions of current-drive efficiency, kinetic theory must be
used. The interaction of the waves and the electron distribution function must be
examined, taking into account two-dimensional effects. Following the analysis of
Fisch and Boozer, [6] the current-drive efficiency J/Pd may be calculated using an
"impulse response" method, where J is the driven current density and Pd is the
power dissipated per unit volume.
Consider the displacement in velocity space of a small number of electrons bf
from velocity v] to v 2 . The energy required for this displacement is
AE = (E2 - E1)6f, (10)
where El = }MeV and E2 = mev2. The collisional drag on an electron is depen-
dent on its velocity. Assigning a velocity decay rate vi(v) to each velocity vi gives
the following transient current:
5(t) - -eof [v1 2e~"2 - e-"], (11)
where the 11 subscript indicates the component of vi parallel to the confining mag-
netic field. The first term on the right results from the new electron at velocity v2 ,
and the second term results from the missing electron at v1 . These currents decay
at different rates vi and v2 , which depend only on v, and v2 [6].
The average of 5(t) over a time At that is large compared to 1/v and 1/V2 is
defined as J:
J At j (t)dt = ef -l - 112 , (12)At At V, V2
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where J can be interpreted as the current generated in a time At by an amount of
energy AE. Substituting from Equation 10 for 6f and identifying AE/At as Pd
yields the following:
- -e Vi1/V1-21V2 (13)Pd El - E2
Taking the limit as v 2 - vI yields [6]
J 
-es -V'(Vj /v) (4
Pd s --7E
where s is the unit vector (in velocity space) in the direction of Av, V, is the
gradient operator in velocity space, and the subscripts have been dropped.
This equation shows that the current-drive efficiency depends on the velocity
of the electrons absorbing the power, and on the direction in velocity space in which
these electrons are accelerated. This can be seen by taking the limit v, -+ v 2 of
Equation 12 [7]:
AvJ = --e -VV, (15)At 1
where Av = V2 - v, and v = v. Differentiating,
Av / j NJ = -e . - + Vv). (16)At (V
The first term represents the contribution to the current via direct parallel mo-
mentum transfer from the rf to the electrons and is proportional to the parallel
component of Av. The second term, present even if no parallel momentum is im-
parted to the electrons, is due to the velocity dependence of the collision frequency.
If electrons traveling in one toroidal direction are preferentially heated, even if this
heating is purely perpendicular, they will become less collisional, resulting in an
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asymmetric resistivity and a net toroidal current. Lower-hybrid waves can carry
significant net parallel momentum and thus can drive current via both terms in
Equation 16. Electron cyclotron waves carry little parallel momentum, but they
can drive current via the second term in Equation 63 by imparting perpendicular
energy to electrons traveling in a particular parallel direction. Figure 1-4 shows
displacements in velocity space typical of current-drive with LH-waves (a) and EC-
waves (b).
Now Av is related to the characteristics of the rf wave that produces it. Energy
and momentum are absorbed by the electron when it is in "resonance" with the
wave, that is, when the Doppler-shifted wave frequency (as seen by the electron
streaming parallel to the confining magnetic field) is an integer multiple of the
cyclotron frequency:
L - kj vj= nwce (17)
where n = 0, ±1, ±2,... and relativity has been neglected. The parallel velocity at
which an electron will strongly absorb energy from the wave is then
W - floce
og = ii .(18)
For waves in the lower-hybrid range of frequencies (LHRF), W < Lce and resonance
occurs for n = 0, yielding vil = w/kii = vp/ase. This is the Landau resonance.
Because we want electrons with a particular sign of vIl to be preferentially heated,
we must launch LH waves with a phase velocity in a particular parallel direction
and, most importantly, some electrons should have pre-existing parallel velocities
near the phase velocity of the launched wave. Otherwise, at least in theory, no wave-
particle interaction should occur. One aspect of LHCD that is not well understood
is the so-called "spectral gap" problem, i.e., the problem of determining how current
drive is achieved in many experiments even though this condition is not satisfied:
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in most current-drive experiments on small tokamaks, the launched waves have
parallel phase velocities vph > c/4 and the target plasmas have electron thermal
velocities of Vth < c/25. Waves with high phase velocities are easier to launch and
give higher experimental current-drive efficiencies, but these waves do not resonate
with a significant number of electrons, according to simple theory, and hence should
not drive current.
For electron cyclotron waves near the fundamental harmonic frequency, n = 1
and resonance occurs for vil = (w - wee)/kg1 . This shows that, for electron cyclotron
waves, the direction of the parallel velocity of the electrons interacting with the
waves, and hence the direction of the driven current, depends on the sign of w -w,e.
On a tokamak, this is equivalent to a dependence on which side of the resonance
layer the absorption region lies.
The basic idea of current drive by LH waves through parallel momentum trans-
fer can best be understood by considering the original paper on the subject by Fisch
[8]. The one-dimensional treatment presented there shows how the first term in
Equation 16 contributes to the current-drive efficiency of a broad spectrum of LH
waves interacting with a distribution of electrons. In the parallel direction, the LH
waves diffuse electrons toward higher vil, competing with the collisional relaxation
of the plasma, which attempts to restore itself to a Maxwellian. This derivation is
given in Appendix E, where the following expression for the LHCD figure of merit
is derived:
_ (ne)IpRo 1.4 1/N' - 1/N 1 2
Plh 2 + Zi 21n(Ni/N1 I) ' (19)
where (ne) is the line-averaged density, I, is the plasma current, Ro is the major
radius, Pth is the wave power, Zi is the ion charge state, and the LH wave spectrum
extends from N111 to N112 . An effect neglected in Equation 19 is the two-dimensional
structure of the collision operator. When this structure is retained, the calculated
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current-drive efficiency is improved by a factor of two to three [9]. This is because
when fast electrons are pitch-angle scattered out of the resonance region by thermal
electrons, resulting in a loss of parallel momentum, they gain (on the average)
perpendicular energy. This decreases their collisionality relative to what one would
expect if the increase in perpendicular energy were ignored. Because these electrons
are on the average traveling in the same direction as before they were scattered,
the calculated current-drive efficiency is higher than one would expect taking into
account only the parallel dynamics.
A fully relativistic calculation of the current-drive efficiency of a narrow spec-
trum of low-N, lower-hybrid waves has been given by Karney and Fisch [10]. They
found that two relativistic effects set an upper limit on the efficiency. First, the
relativistic electrons slow down faster because they are heavier. Second, the cur-
rent carried by the electrons is proportional to their velocity, which approaches a
constant (equal to the speed of light) as momentum is imparted to them and they
become heavier. Each of these effects reduces the efficiency by a factor of -Y, so
combined they reduce r by a factor of 72 p2 , where p is momentum, cancelling
the nonrelativistic v2 dependence and forcing 71 to approach a constant at high
velocities.
Electron- Cyclotron waves drive current by selectively heating electrons perpen-
dicularly, thereby creating an asymmetric resistivity. The frequency, magnetic field,
and launch angle are chosen such that electrons traveling in one toroidal direction
are preferentially heated. This reduces their collisionality so that, on average, they
deposit less of their momentum into the ions than electrons traveling in the opposite
direction. This results in a net toroidal current. For conventional EC current-drive,
electrons with parallel velocities o > vte are targeted. The efficiency of this type of
current drive is very poor for electron temperatures typical of Versator (150-300 eV).
If a superthermal tail is present, however, the efficiency can be greatly improved.
This tail can be created, for example, by a parallel electric field, or by LH waves.
These two cases are studied experimentally in Chapters 4 and 5, respectively.
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1.4 RELATED EXPERIMENTAL WORK OF OTHERS
1.4.1 Lower-Hybrid Current Drive
Soon after it was first proposed [8]that current may be driven by LH waves,
successful LHCD experimental results were reported on the JFT-2M tokamak in
Japan [11] and on Versator-Il [12]. In these experiments, the current was sustained
mostly by the ohmic-heating transformer, and current-drive of ~ 15 kA was in-
ferred from a drop in the loop voltage (the parallel electric field) relative to similar
discharges without LH wave injection. On Versator-II, it was observed for the first
time that the drop in Vuc, was not due to electron heating, because the electron
temperature (as measured by Thomson scattering) was observed to drop during LH
wave injection, thereby increasing the plasma resistance. Also, a "density limit"
was seen, above which no current-drive was observed. On the Versator experiment,
the source frequency was 800 MHz, and the density limit was about 6 x 1012 Cm-3 ,
for which the lower-hybrid frequency is about 400 MHz. The "spectral gap" was
large for these experiments, with vph/vie ~ 10-20. No explanation was given for
how it could have been bridged during the experiments.
Fully lower-hybrid current-driven (LHCD) discharges were first reported on
the Princeton Large Torus (PLT), where a steady plasma current of 165 kA was
maintained for 3.5 s with Vl,,p near zero. [13] The OH transformer primary was
open-circuited after plasma startup, and the subsequent L/R decay of the plasma
current was arrested by the LH waves, so that a steady plasma current was main-
tained. Reasonably good agreement with Fisch's theory was observed for the ef-
ficiency, and a density limit was observed. The spectral gap was smaller, with
Vph/Vite 8-10.
Lower-hybrid current-drive has since been demonstrated up to megaampere
levels on a number of large tokamaks, including Alcator C [14], the Joint European
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Torus (JET) [15], the Japanese Tokamak 60 (JT-60) [16], the ASDEX tokamak
(Germany) [17] and Tore Supra (France) [15]. Also, LHCD has been demonstrated
for plasma discharge times of over one hour on the TRIAM tokamak in Japan [18].
1.4.2 EC-formed Toroidal Plasmas
In the early 1970's, Anisimov and co-workers [19-22] studied plasmas formed by
electron-cyclotron heating (ECH) in a toroidal magnetic field. They made three im-
port ant observations. First, in the first several microseconds of the high-power ECH
discharge, the plasma density peak (and hence its formation region) moved from
the electron cyclotron (EC) layer toward the upper-hybrid (UH) layer. Thus it ap-
peared that the launched electromagnetic X-mode was mode-converting to electron
Bernstein waves at the UH layer, and these EB waves were strongly damping and
building up the plasma density and temperature locally. Such a mode-conversion
was predicted by linear theory much earlier [3]. Second, they found that at low gas-
fill pressures, the rf absorption was an order of magnitude higher than predicted,
indicated by plasma formation only near the UH layer even when the calculated
linear collisional damping length was greater than the size of the torus. Third,
they showed that breakdown did not occur below a certain gas fill pressure that
was dependent on the ECH power. This third point was shown to be consistent
with the idea that breakdown can only occur when the confinement time of the
ECH-heated electrons exceeded the ionization time. This is becuase the ionization
time is given by 7i = (Ncve)--', where N is the neutral particle density, U is the
ionization cross-section, and y, is the electron speed.
These experiments were followed in the late 1970's and early 1980's by exper-
iments on many tokamaks (FT-1, TOSCA, ISX-B, CLEO, JFT-2, WT-1, WT-2,
Tokapol-II, and JIPPT-II) [23-33]. These experiments generally corroborated those
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of Anisimov, et. al., and extended the parameter range to much higher EC-wave
power and pulse length. Generally, the EC-formed plasmas were found to peak in
density between the cyclotron and upper-hybrid layers, and to have temperatures
of about T, :: 20 eV, with Te as high as 50 eV near the UH layer. It was found
in all of the experiments that the EC preionization significantly reduced the loop
voltage (toroidal electric field) required for successful startup of the tokamak, and
slightly reduced the overall flux consumption of the ohmic heating (OH) coil.
The first report on the systematic variation of many experimental parameters
in order to determine the effect on an EC-formed plasma was made by Kulchar et.
al. in 1984 [261. They launched up to 70 kW at 28 GHz for up to 40 ms from the
high-field side of ISX-B in a mixture of the X-mode and 0-mode directed at an
angle of 60* from the magnetic field. Many parameters were systematically varied
and some were optimized, the main figure of merit being the reduction of peak
loop voltage required for plasma breakdown, and the transformer flux consumed.
The optimum toroidal field was such that the UH layer was at the outer limiter.
There was no effect on loop voltage reduction of changing the ECH power from
70 kW to 35 kW, indicating a lower power threshold for preionization, in agreement
with previous experiments. The loop-voltage drop was also independent of gas fill
pressure over the range used. Remarkably, the volt-second savings was roughly
independent of the delay time between ECH turn-off and the firing of the ohmic-
heating coils for delay times between 5 and 30 ms. The authors considered this to
be evidence of a long-lived ( > 30 ms) very low density plasma component created
by the ECH. The decay time of the density after rf turn-off was about 10 ms.
1.4.3 Electron-Cyclotron Current-Drive
The first ECCD experiments were performed on TOSCA, a very small toka-
mak at Culham Laboratory in the United Kingdom [34]. The EC driven current
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was detected by launching EC waves in opposite toroidal directions in turn and
comparing the drops in the loop voltage. The observed ECCD was very weak.
Similar experiments were performed on CLEO [35] and DIII-D [36]. The DIII-D
experiments produced 50-100 kA of EC driven current, but this was still only a
fraction of the plasma current, and a significant loop voltage was present. The first
ECCD experiments with zero loop voltage were on the WT-2 Tokamak in Japan
[37], in which up to 3 kA was sustained by EC waves launched from the low-field
side into a very low-density plasma ((ne) < 1012 cm- 3 ). More recently, ECCD has
been achieved on WT-3 using EC waves at the second harmonic [38-39]. In these
experiments, up to 20 kA was sustained and ramped up for over 30 ms with the loop
voltage zero or negative. The ECCD efficiency was an order of magnitude smaller
than the LHCD efficiency on the same tokamak, and decreased rapidly to zero as
the density was raised above about 4 x 10"2 cM-3. The authors hypothesized that a
slideaway target electron tail, pre-formed by the parallel electric field, was necessary
for efficient ECCD. They did not explain, however, how the ECCD was sustained
well beyond the time when the loop voltage became negative.
A decrease in electron particle confinement has been observed on several small
tokamaks [40-42] during EC heating or current-drive. This has been shown to be
consistent with the predicted loss of confinement due to ECH-enhanced electrostatic
turbulence [43], but the mechanism by which the ECH enhances turbulent fluctua-
tions is not known. Magnetic turbulence that accompanies electrostatic turbulence
also is enhanced by ECH [43,44] , and this may adversely affect fast electron particle
confinement. However, this has not been demonstrated.
1.4.4 Transformerless ECH/LHCD Startup
In 1983, Kubo and co-workers [45] reported experiments on WT-2 where the
tokamak toroidal current was started and ramped up to - 5 kA by lower-hybrid
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(LH) waves from an EC-formed plasma. The ohmic-heating transformer primary
was never energized, and the secondary was shorted. Up to 30 kW of EC waves were
launched at 35.6 GHz for up to 10 ms and up to 100 kW of LH waves at 915 MHz
for up to 21 ms were launched from a four-waveguide grill on the outside. The ECH
produced a preionized plasma with jT, = 2 x 1012 cm- 3 and I, ~ 0.5 kA. Upon
application of the LH power, the plasma current rose to ~ 5 kA with no change in
the density. The loop voltage was zero or negative during the current-rise phase.
Soft X-rays were emitted from the EC-formed plasma and became very much more
intense in the lower-hybrid current driven (LHCD) plasma. Intense hard X-rays
were emitted from the LHCD plasma. It was estimated that the bulk electron
temperature of the LHCD plasma was about the same as that of the preionized
plasma (about 20 eV), and that a fast-electron population was present in both
stages that was heated from 0.5-1 keV in the EC-formed plasma to 30-50 keV
in the LHCD plasma. It was discovered that the success rate of plasma start-up
was sensitively dependent on the vertical magnetic field. The plasma current was
maximum for Bv/Bt0 , = 0.0025. An initial hydrogen fill pressure of less than
10- torr was required for successful startup with ECH power of 20 kW, and this
boundary increased with increasing ECH power. The authors suggested that the
spectral gap was filled by electrons heated perpendicularly by the ECH and then
pitch-angle scattered, forming a low-density tail in velocity-space that could damp
the high-velocity LH waves. This process was modeled using a two-dimensional
Fokker-Planck code [46]. The X-ray emission from the tail as a function of time
and radial location was measured [47], and the data was fit by a two-temperature
Maxwellian with T10. = 15 keV and Thigh = 55 keV.
Considerably longer (170 ms) start-up discharges were reported in 1984 by
Toi, et. al. on JIPPT-IIU [48]. About 20 kW of EC waves at 35.5 GHz for up
to 15 ms was launched in the 0-mode from the low-field side, and about 60 kW
average of 800 MHz LH was launched from a pair of C-shaped waveguides phased
at 1800 (no directivity). In these experiments, EC-formed plasmas similar in some
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respects to those on WT-2 were formed, and LH waves were used to ramp the
plasma current up to ~ 20 kA. It was observed that in the density range 1 x 1012 to
3 x 1012 cm-3, the ramp-up rate, but not the final value, of the plasma current de-
pended on the electron density. Current-drive efficiency at the end of the discharge
was about 0.01 KTe(10 20 m- 3 ) R(m) Amps/Watt. The following year, Ohkubo,
Toi, and co-workers [49] attempted to explain the bridging of the spectral gap in
the JIPPT-IIU start-up experiments by parametric decay of the injected 800 MHz
waves. They noted that they observed little evidence of suprathermal electrons in
the ECH preionized plasma, in sharp constrast to the observations reported on WT-
2. In addition, they were ocasionally able to start-up the plasma current with LH
wave power alone, without ohmic or ECH power. They concluded, by comparing
the observed spectrum with calculated damping rates of parametric-decay waves,
that the lower-hybrid decay waves at the lower sideband of the injected pump wave
frequency are capable of bridging the spectral gap. A movable limiter placed on
the low-field side stopped the current start-up when moved to within a/2 of the
minor axis, which the authors take as indication that the "seed current" necessary
to bridge the spectral gap is generated near R = RO + a/2. Also, measurements
from a pair of magnetic probes indicate a large outward shift of the plasma during
the current-initiation phase. Bulk electron heating up to about 150 eV was clearly
observed, but the bulk ion temperature was estimated to be no more than 10 eV,
although an ion tail in the range 1-2 keV was generated early in the discharge,
possibly by the parametric decay waves. No definite explanations were given for
the bulk electron heating.
1.4.5 Combined Steady-State ECCD/LHCD
There have been relatively few experimental results published on the efficiency
of steady-state combined EC/LH current drive. Experimental results have been
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presented by the WT-2 group [37,50], the JFT2-M group [51,52], and the T-7 group
in Russia [53].
In 1986 Ando and coworkers [50]reported results from an experiment in which
they injected 80 kW of ECH at 35.6 GHz for 5 ms into a LH-current-sustained
plasma (with LH power of 48 kW at 915 MHz for about 32 ms). The ECH was
launched from the top at R - Ro = -4.5 cm in an equal mixture of the X-mode and
O-mode, and the LH waves were launched from a phased array of four waveguides
on the outside with 4 < IN11 I 10. No ohmic power was applied to these discharges.
The current was ramped only by LHCD and the loop voltage induced by the ver-
tical field, with the initial seed current created by ECH. The tokamak transformer
primary was shorted, as with the startup experiments discussed previously. The
toroidal field was high (Bt = 1.5 T) so as to position the EC resonance layer near
the outside of the plasma (R - Ro = +0.8a). The ECH source was pulsed twice
during each discharge, once at the beginning for plasma formation, and once later
during the LHCD phase. The second pulse increased dI,/dt and resulted in a higher
plasma current at the end of the LHCD discharge than without the second applica-
tion of ECH. Data from soft X-ray detectors, a. pyroelectric detector, and a vacuum
ultraviolet spectrometer indicated that the hot electron population (> 1 keV) grew
or was heated during the ECH but that the bulk electrons (-20 eV) were not. On
the other hand, when the ECR layer was placed toward the inside of the torus,
at R - Ro = -0.3a, the plasma current was reduced. In this case, the radiation
measurements collectively indicated that the bulk electrons were heated by between
20 eV and 70 eV, and the suprathermal electrons were not. The authors were un-
able to explain this result. The slowing-down time of the suprathermal electrons
was estimated to be about 60 ms, much longer than their confinement time and the
ECH pulse length.
Later in 1986, Ando, et. al. [37]reported these results again, this time in
conjunction with results from ECCD of an ohmically-heated (OH) plasma. In the
ECCD experiments, EC waves were launched from the low-field side in the X-mode
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at at angle of 480 from the toroidal field. The authors suggested that the ECH was
heating the suprathermal electron tail created by the loop voltage applied earlier
in the discharge. The dependence of dI,/dt during ECCD on the location of the
EC layer for these discharges was opposite of that for the ECH/LHCD discharges
with top-launch. No explanation for this behavior was given. The electron density
in these experiments was 1 x 1012 cm-3.
In 1991, Kawashima, et. al. [52]reported results of second-harmonic EC heating
of LHCD plasmas on the JFT-2M tokamak. They achieved a 65 kA/s ramp-up
of the LH-driven current with 70 kW of EC waves in the X-mode polarization.
They observed evidence of selective perpendicular heating obeying the relativistic
resonance condition, and they deduced a 15% absorption efficiency at W/2ce =
0.76. However, no significant increases in steady-state driven current were observed
during ECH.
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CHAPTER 2
EXPERIMENTAL APPARATUS
2.1 THE TOKAMAK AND MICROWAVE SYSTEMS
The parameters of the Versator-II tokamak are shown in Figure 2-1, together
with a top view of the tokamak and the locations of its major systems and diag-
nostics. The focus of research at this facility has primarily been on current drive
and heating with radiofrequency waves. Versator was the first tokamak for which
a lower-hybrid system was designed specifically for current drive, and it was one of
the first on which current-drive results were reported [12]. These early results were
obtained using an 800 MHz 150 kW radiofrequency (rf) system with a klystron
source and a waveguide "grill" launcher, as is now conventional. Later, a 2.45 GHz
system was installed by Mayberry [54], who tested the frequency scaling of the
LHCD density limit. This system was used for the experiments described in this
thesis. A schematic of this apparatus is shown in Figure 2-2. This system included
two klystrons, which supplied rf power to a 4-waveguide side-launcher that was de-
signed to launch slow lower-hybrid waves from the outer midplane of the tokamak.
The waveguides could be phased independently so that, for example, a toroidally
asymmetric wave spectrum could be launched. The calculated N11-spectrum of this
grill is shown in Figure 2-3 for relative waveguide phasings A0 of 900 and 1800. For
Z1 = 90*, net toroidal wave momentum is launched into the plasma, making this
phasing more efficient for driving current than AO = 1800. The Varian klystrons
that provided the rf were powered by a high-voltage power supply consisting of a
capacitor bank and modulator fed by a high-voltage charging supply. The system
could produce up to 100 kW at 2.45 GHz for 40 ins, although power delivered to the
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Versator-Il Parameters
Major Radius 0.405 m
Minor Radius 0.13 mi
Toroidal B-Field <1.25 Tesla
Plasma Current <50 kA
Central Electron Temperature <500 eV
Central Ion Temperature <150 eV
Electron Line-Averaged Density K 2.5x1013 cm
Discharge Duration <75 ms
Electron Particle Confinement Time 0.5-2 ms
Zeji 2-4
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Figure 2-1 Top View of Versator-lI.
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Figure 2-2 Schematic diagram of the Versator 2.45 GHz LH system.
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plasma was typically somewhat lower. More detailed information on the 2.45 GHz
lower hybrid system can be found in reference [54].
The major apparatus constructed specifically for the experiments described
in this thesis were the Versator ECH systems, schematic diagrams of which are
shown in Figures 2-4 and 2-5. Experiments were first carried out using a 35.07 GHz
gyrotron manufactured by the Naval Research Laboratory, and the bulk of the
experiments were later performed with a 28 GHz gyrotron manufactured by Varian.
Both gyrotrons used the same 8 A, 90 kV power supply, and the same fault-detection
and interlock circuitry was employed. The 35 GHz gyrotron used a superconducting
magnet to produce the axial guide field for the electron beam. The transmission
line was custom built and consisted of mode converters and filters that convert the
TEOI-mode circular output of the gyrotron into the HE,,-mode, which is a linearly
polarized mode. The HE,,-mode was launched from the high-magnetic-field side
of the plasma via a rotatable mirror, which allowed launch angles 20* < 9 < 160*,
where 9 is the angle between k and B0 . The mode converters were rotatable so
that any polarization angle could be launched.
The charging supply was controlled via a personal computer, and could charge
the capacitor bank up to 90 kV. The high-voltage (HV) modulator was triggered
externally by the Versator sequencer or a pulse generator, allowing a HV pulse to
propagate from the bank to the voltage divider junction via RG-218/U HV cable.
The magnitude of this pulse was determined by a request setting, via a regulation
circuit, ensuring a flat-topped pulse of the desired magnitude. The divider junc-
tion passed the full regulated voltage to the gyrotron gun cathode via an oil-tank
terminal hookup. Similarly, 50% of the voltage was fed to the modulation anode
of the gyrotron gun. These high voltages were negative, so that an electron beam
could be emitted from the gun. An interlock and fault detection system crowbarred
the bank within 15ps of one of the following events: an arc in the gyrotron, on the
gyrotron window, or elswhere in the system sufficient to cause more than about 20A
to be drawn from the bank; failure of the gyrotron oil cooling system; depression of
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the panic button; opening of the door to the capacitor bank area; or failure of the
fault-generator capacitor or of one of the modulator power supplies.
A schematic diagram of the 35 GHz gyrotron [55], transmission line, and an-
tenna is shown in Figure 2-6. The main components of the gyrotron are the gun,
the interaction region (or cavity), and the collector. The gun and interaction re-
gion were immersed in an axial magnetic field, which for the 35 GHz gyrotron was
produced by a superconducting magnet. The principal components of the gun in-
clude the cathode, which was heated by an internal filament, and the modulation
anode. A commercial high-voltage isolation transformer supplied 10 VAC to the
gun cathode filament, which floated at the full gun potential. The 35 GHz gyrotron
produced radiation in the TEO, mode, traveling in circular waveguide axially out
of the tube away from the gun. Some short-pulse preionization and startup experi-
ments were performed with the 35 GHz system, but the gyrotron failed to perform
as advertised, and pulse lengths were limited (by arcing in the gun region) to 2-3 ms
at up to 75 kW, even after extensive conditioning, rebuilds, and modifications. I
attribute this poor performance to two fundamental design flaws: the gun is too
small, making the electric fields very strong between the gun cathode and the nearby
anodes (Varian, the manufacturer of the gun, recommends that it be used for pulse
lengths not exceeding a few microseconds); second, the rubber 0-ring seal and teflon
electrical break between the cavity and the collector prevented the tube from being
properly baked at high temperature (to outgas impurities from the walls) and may
have continuously leaked small amounts of air. This made it impossible to achieve
the ultra-clean vacuum environment necessary to sustain gun operation for longer
than 2-3 ms. An experimental short ceramic electrical break and seal was built and
tried, but its vacuum seal failed during cooldown from bakeout, presumably due to
differential contraction between the ceramic and its copper seal.
The second ECH system was completely installed in three months, using the
existing HVPS and control system. A Varian 28 GHz gyrotron was brought over
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C5
from a retired fusion experiment (TARA) on another part of campus, and it sub-
sequently performed reliably, generating pulse lengths of up to 20 ms (limited by
the power supply) at powers of up to 100 kW. A block diagram of the 28 GHz sys-
tem is shown in Figure 2-5. This gyrotron used conventional copper magnets that
dissipated about 60 kW continuously during an experimental run. This required
substantial water cooling. The beam collector also required water cooling, but the
tube was run at very low duty cycles (,< 10-4), so the beam was not a significant
fraction of the heat load. Adequate cooling was achieved with about 30 gallons per
minute of distilled water circulated through a heat exchanger with 55 degree plant
water. The water cooling system was built from scratch, and it is shown in Figure
2-7. It included a primary loop, in which chilled plant water was circulated through
a high-efficiency heat-exchanger by a 1/2 hp bronze pump. Distilled water was
circulated through the secondary of the heat exchanger and through the gyrotron
magnet coils and beam collector by a 3 hp bronze pump. Included in this loop were
an air scoop with expansion tank, pressure gauges, thermometers, several air bleed
valves. flow indicators, and traps. A cleansing loop ran in parallel to the secondary
of the heat exchanger. This loop was valved off during main pump operation, but
between runs could be activated to refresh the purity of the secondary water. It
included a small 1/25 hp cirulator pump, a filter, and a deionizer. All components
coming in contact with the secondary water were copper, bronze, brass, or plastic,
to avoid contamination.
The output microwave window of the gyrotron required cooling with FC-75, a
common solvent. This cooling system was in place when I received the tube. The
filament power supply, filament oil-cooling system, and all high-voltage components
feeding the gun were supplied and in place, as were the magnet coils. Additional
interlock switches were added for the magnet and collector water flows, the currents
in the main, gun, and collector magnet coils, the FC-75 flow through the output
window, the door to the room, and nitrogen pressure in the transmission line (used
to supress waveguide arcs). Arc detectors were added at the gyrotron window and
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Figure 2-7 Water cooling system for 28 GHz gyrotron.
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the outside tokamak waveguide window. The interlock and fault detection input
circuits are shown in Figure 2-8.
Because of the change in gyrotron frequency, an entirely new transmission line
was required. All of the expensive components were borrowed from sources on cam-
pus and from Culham Laboratory in the United Kingdom, and the few remaining
components were built in-house. A schematic diagram of the 28 GHz trasmission
line is shown in Figure 2-9. The output power of the Varian gyrotron is about
80% in the TE02 -mode, with about 10% in the TEO,-mode and 10% in other modes
[56]. The transmission line was optimized for the TEo2 -mode as the output from
the gyrotron. A new antenna was built for outside midplane perpendicular launch,
primarily for the 0-mode, and the old 35 GHz inside launch antenna and rotatable
mirror were rebuilt to accomodate 28 GHz waveguide. The final mode launched
into the plasma, by this tranmission line is the TE 11-mode, which is mostly linear
in polarization, but not quite as linear as the HE,,-mode launched by the 35 GHz
transmission line. The 450 bend under the tokamak required for the inside launch
was accomplished by building a mitre-bend in smooth-walled waveguide to replace
the gradual bend in corrugated guide used for the 35 GHz system. Microwave
breakdown in this mitre bend limited inside-launched power to about 35 kW for
the 28 GHz experiments with X-mode polarization, and about 50 kW for 0-mode
launching. This power was sufficient to match the ECH power densities of larger
tokamaks, and was adequate for all the experiments described in this thesis.
2.2 THE DIAGNOSTICS
The primary Versator-II diagnostic set available during these experiments was
as follows. The plasma current, toroidal field coil current, vertical field coil current,
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and ohmic heating coil current were monitored with Rogowski coils. The loop
voltage was monitored by averaging the voltage across one-turn toroidal coils placed
at the four corners of the vacuum-vessel poloidal cross-section. Energy-integrated
hard X-rays with E > 100 keV emitted from the limiter were monitored using a
sodium-iodide scintillation detector, and 70 GHz microwave emission was monitored
using a heterodyne receiver with receiving horn mounted on the side of the tokamak,
viewing inward across the midplane. The vertically-averaged electron density was
measured by a microwave interferometer (f=75 GHz) with movable transmitting and
receiving horns. These horns could be moved via computer in the control room to
any desired major radius from R =32 cm to R =53 cm, in 1 cm increments, enabling
density profiles to be obtained on a shot-to-shot basis. The position of the plasma
current channel in major radius was monitored with magnetic pickup coils outside
the vacuum chamber and calculated by modeling the current channel as a toroidal
wire. The vertical position of the plasma current channel could also be monitored
in this way, although it was not monitored for most of these experiments. The Hc,
emission was measured with a diode detector placed on a movable carriage beneath
the tokamak or on a fixed mount viewing the plasma from the outer midplane.
Noise from the LH system was often a problem for this detector, and this prevented
its use for the majority of the LHCD experiments. All rf powers were measured
using calibrated directional couplers and crystal detectors. The electromagnetic
wave spectrum at the plasma edge was monitored with an rf probe placed at the
top of the tokamak, connected via low-loss coaxial cable to a 0-2.5 GHz spectrum
analyzer. This could be used to observe the amplitudes and frequencies of decay
waves from the lower-hybrid and electron-cyclotron waves, as well as the 2.45 GHz
pump wave.
In addition to the standard set of diagnostics, the follwoing specialized diag-
nostics were used to study the fast electron distribution function and turbulence
during these experiments. The radial hard X-ray detector array, designed and built
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primarily by another graduate student, Jared Squire, was used to measure brehm-
strahlung emitted from the plasma at various major radii [57]. A radial array of
seven detectors, viewing upwards, were placed in a large lead enclosure beneath
the tokamak. The detectors were spaced 4 cm apart. The X-rays emitted from
the plasma were collimated by two tungsten plates and by lead shielding, and the
entire apparatus was on wheels so that it could be moved radially between shots.
Signal from the detectors was fed to a pulse counter and a pulse-height analyzer.
The pulse counter measured the energy-integrated photon flux to each detector,
giving a radial profile of hard X-ray emission for each shot, and the pulse height
analyzer recorded the energy of each incoming photon, yielding an energy spectrum
for each radial position when summed over many shots. The detectors are sensitive
to photon energies in the range 30 keV to about 500 keV, which covers well the
range of interest for the Versator experiments. Measurements were also taken using
an angular array of hard X-ray detectors. For this array, the detectors from the
radial array were housed in lead boxes with a wall thickness of about four inches.
The detectors were placed at various locations around two side ports of the vacuum
chamber so as to view the plasma from different angles. This gives information
about the dependence of the fast electron distribution function versus pitch angle
from the toroidal magnetic field. More detailed information on the hard X-ray de-
tector arrays can be found in reference [57]. A Silicon-Lithium (SiLi) crystal was
used to measure the soft X-ray flux in the 1-25 keV energy range. This detector
viewed the plasma horizontally from the outer midplane, and was used to collect
energy-integrated and spectral data.
An electron cyclotron transmission diagnostic was developed and built for these
experiments. This diagnostic measured the asymmetric part of the superthermal
electron distribution function. It was based on the diagnostic developed by Kirk-
wood [58], with improvements in the hardware, the mode of operation, and the data
analysis. A schematic diagram of the system is shown in Figure 2-10. A microwave
source tunable in the range 26.0 GHz< f < 40.0 GHz was used to send about
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Figure 2-10 Schematic diagram of the upgraded ECT diagnostic.
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10 mW to a directional coupler, which sent about 10% of this rf power to the local
oscillator port of each of two balanced mixers. The remainder of the power was
evenly divided between two horns at the top of the tokamak. These horns launched
beam patterns centered at N11 = ±0.4 toward two receiving horns as shown. Re-
call from section 1.4 that the absorption of electromagnetic waves in this frequency
range is governed by the cyclotron resonance condition w - w,, = klivi1, where W
is the source frequency, Wc = eB/yme is the local relativistic cyclotron frequency,
kl = wN 11/c is the wave number parallel to the magnetic field, and voi is the parallel
velocity of the absorbing electron. If more electrons are traveling in one parallel
direction than the other, the absorption of the two beams will be unequal, but other
wave loss mechanisms such as refraction or scattering will tend to be the same for
the two beams. Therefore the asymmetric part of the electron distribution function
at a particular parallel energy can be measured by comparing the relative attenua-
tion of the two beams for a given frequency. The two received signals were sent to a
waveguide switch, and then each was passed through a delay line and ferrite isolator
before being sent to the rf port of each of the mixers. Each mixer was enclosed in
an rf-tight copper capsule lined with echosorb, together with a small amplifier for
amplifying the intermediate frequency output (DC in this case) of the mixer. Each
capsule and its contents is referred to as a receiver. The output from each receiver
was passed to the control room via double-shielded twisted-pair cable encased in
steel conduit. The waveguide switch allowed each receiving horn to be connected
to either receiver, so that differences between the two receivers could be accounted
for. The extensive shielding was required to keep out noise from power supplies
and rf from the 2.45 GHz LH system and the 28 GHz system, while measuring
about 1 pW of transmitted signal. Each mixer produces an output proportional
to ArfAj 0 sin O where Arf is the amplitude of the wave received by the receiving
horn, A, is the amplitude of the local oscillator signal, and 0 is the phase angle
between the two signals at the mixer ports. Because only the ratio of Arf during
the plasma discharge to Arj in the absence of plasma is the desired quantity, A,
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divides out. Its value is only dependent on the source output, not on the presence
of plasma. The phase angle 0 is affected by the presence of plasma, and can change
considerably during a discharge. Therefore, I averaged over 0 by rapidly modu-
lating the source frequency in a narrow band about the desired center frequency.
The delay lines on each receiving leg reduced the band required to average over a
full period in 0 to about 100 MHz. This enabled one period of modulation in less
than one-tenth of a millisecond with the microwave source available. This gave a
time-resolution of about one-tenth of a millisecond and a frequency-of-interaction
resolution of 100 MHz, significantly improved over prior values for this diagnostic.
Edge magnetic, density, and potential fluctuations were monitored with a set
of magnetic pickup probes and Langmuir probes. The magnetic fluctuations were
measured in the frequency range 0-400 kHz. The turbulent fluctuations in the range
50-500 kHz are thought to be related to the transport of thermal particles and
energy in tokamak plasmas. They may also enhance fast electron losses, decreasing
the current-drive efficiency. The magnetic probes used for most of the measurements
were part of a toroidal array, constructed by Jared Squire [57]. A drawing of the
probe array, as it appears inside the vacuum chamber, is shown in Figure 2-11. The
probes were calibrated, so that the fluctuating magnetic field in the direction of the
probe (coil) axis could be determined. The voltage induced across the terminals of
each coil by plasma effects was sent to the control room via a multi-shielded cable.
This signal was then amplified and low-pass-filtered at 450 kHz (3 dB point). The
filtered signal was digitized at a 1 MHz sampling rate and stored on the computer
disk. The toroidal array consisted of ten coils, with their axes oriented vertically.
This nearly corresponds to the poloidal direction at the array location. The coils
were spaced at varying toroidal intervals from 27rR/8 to 27rR/256, so that toroidal
harmonics could be isolated by correlating signals from different probes. The data
acquisition system could only digitize data from four probes at a time, so when data
from more than four probes were desired, the cables were swapped between plasma
discharges.
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Fluctuations in the edge plasma potential were monitored with a Langmuir
probe and, to a limited degree, by an eight-piece isolated limiter. The probe was
not biased, and it was connected directly to the amplifier and filter system. The
signal was digitized at 1 MHz and stored on computer disk. Only low-frequency
fluctuations could be observed with the eight-piece limiter, because its signal was
digitized at 50 kHz.
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CHAPTER 3
LOWER HYBRID CURRENT DRIVE EXPERIMENTS
In this chapter, measurements of the suprathermal electron distribution func-
tion during LHCD are described, along with supporting theory and analysis. These
measurements were taken using the electron cyclotron transmission (ECT) diag-
nostic [59,60 and the perpendicular array of hard X-ray detectors described in the
previous chapter. The observation and analysis of a "two parallel-temperature"
feature of the fast electron distribution function during LHCD is described. This
feature was not observed during ohmic discharges. Computational modeling sug-
gests that the cold tail is initiated by low-power, high-N11 waves from the sidelobes of
the antenna N11-spectrum, and that these waves bridge the "spectral gap," enabling
current drive even though the wave phase velocity greatly exceeds the electron ther-
mal velocity for the majority of the wave power [61]. This chapter is organized as
follows. First, the theory of LH-wave-induced diffusion of electrons, ray tracing,
and the spectral gap is described. Second, the ECT data is presented and analyzed,
including modeling with the collisional quasilinear code CQL3D. Finally, the hard
X-ray and density data are described, including the observation of an anomalous
peak in the hard X-ray emission on the high-field side of the Versator plasma.
3.1 QUASILINEAR THEORY, RAY TRACING, AND THE SPECTRAL
GAP
The diffusion of electrons in momentum-space by waves is described by the
relativistic Fokker-Planck equation, which is derived [62,63] starting with the rela-
tivistic Vlasov equation:
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where f = f(r, p, t) is the distribution function for electrons, p is the electron
momentum, BO is the applied DC magnetic field, E(r,t) and B(r,t) are the wave
fields, y2 = 1 + = p/moc, and 'f is the change in f due to collisions. The
distribution function f is assumed to be composed of an average fo and a small,
fluctuating f] such that f = fo + fl, with fo averaged over gyro-angle. After some
algebra, Equation 20 can be cast in the form of a diffusion equation for fo:
afo a =_- afo f
-foD - + (21)a5t a= 5- - - atL1
where D is the flux-surface-averaged diffusion tensor, which has a resonant and a
nonresonant part. Equation 21 is the Fokker-Planck equation. It is generally a
very good approximation to assume that the electrons are diffused only by resonant
interaction with the waves. Thus the relevant part of the diffusion tensor is the
resonant part, given by
1 00a3
DR =re 2  3 6 (- kjv11 - nce) a nekn (22)
n= _00
where vil = p/moc, Wce = eB/ym, and
an= (kn+ JfE) (wcee 1 V I k 11). (23)
The unit vectors 6j and ij are in the directions perpendicular and parallel, respec-
tively, to Bo, ekn = [(Ek + iEk) J,+] + (Ek, - iEky)], and J, is the nth-order
Bessel function of the first kind. The argument of the Bessel function is kivi/wee.
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Thus aikak, incorporates the effects of the wave electric field strength and polar-
ization on the diffusion coefficient.
For the case of lower hybrid waves, only the n = 0 term contributes significantly,
and the diffusion tensor becomes a scalar, relating parallel diffusion by parallel
gradients:
Ofo a & afo +fo (24)
i at Coll
where
DLII = V (2 )3 6 (ki - W/VI 1 ) AlEkI 22 (25)
and
A = Jo - V Ji- i2 + iJoRe E jk 2 . (26)
viiI [I Ek / L Ek
The function A incorporates the effects of the wave polarization on the diffusion
coefficient. The field amplitude IEk z is determined by solving the coupling problem
for the antenna, and A is then determined by the local dispersion relation. The Jo
term describes diffusion by Landau damping, and the J1 terms result from transit-
time magnetic pumping. For lower hybrid waves, JEk, > EkyI and JEk I > JEk, I!
so that A :: J2/ vIl and Landau damping is the dominant diffusion mechanism.
The propagation of lower-hybrid waves in a tokamak can be modeled using the
cold-plasma dispersion relation (Equation 9) together with the ray approximation,
in which it is assumed that the scale length of variations in the plasma equilibrium
quantities is much longer than the wavelength of the propagating wave [64]. The
ray equations appropriate for toroidal geometry are Hamiltonian in nature, and can
be written in terms of the toroidal coordinates r, 9, 0 and their conjugates kr, m, n,
where k, is the radial wavenumber, and m and n are the poloidal and toroidal mode
numbers, respectively:
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dr = D/&kr (27)
dt D/ 2)w
dO = OD/Om (28)dt aD/aw
dO 
_ D/an (29)dt aD/&w
dkr DaD/&r (30)dt OD/&9w
dm aD/00dm &D/0 (31)dt &D/Dw
dn 
_ D/&5 
- 0. (32)dt &D/&9w-
Equations 27-32 are the ray equations. Note that the axisymmetry (&/&$ = 0) of a
torus implies that the toroidal mode number n is a constant of the motion. Unlike
a straight cylinder, however, a torus is not poloidally symmetric (&/&9 # 0) so that
the poloidal mode number mn is not a constant of the motion. Equations 27-29 can
be numerically integrated to give the ray trajectories in a tokamak, and Equations
30-31 can be simultaneously integrated along the ray path to give the evolution
of kr, m, and k = k - Bo/IBoJ = [krBr + (m/r)Bo + (n/R)B4] /IBol. It can be
seen that kil will in general vary along the ray trajectory due to the combination
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of rn-variation (toroidicity) and Bo-variation (shear). Note from Equation 25 that
this will change the resonant parallel velocity of electrons that the LH-wave diffuses
in velocity space.
Recall from Chapter 1 that high current-drive efficiency is predicted theoret-
ically and observed experimentally only when the launched wave parallel phase
velocity greatly exceeds the electron thermal velocity w/k 1 > vie. One aspect of
LHCD that is not well understood is the so-called "spectral-gap" problem, i.e.,
the problem of determining how waves launched with parallel velocities w/k 1 >
vt. Landau damp when the number of electrons resonant with such a wave in a
Maxwellian plasma is exponentially small. For a small tokamak such as Versator
with 25 < c/vt, < 50, the damping and current drive is predicted to be very small
for most of the wave spectrum launched by an LHCD antenna (Figure 3-1), yet suc-
cessful current drive is observed experimentally [12, 54, 65-67] . Several mechanisms
have been proposed to bridge the spectral gap [64, 68-70]. Perhaps the most univer-
sally accepted among these is the concept of toroidal upshift, in which the spectral
gap is bridged by waves that upshift in N11 due to toroidicity [64]. This has been
shown to be effective even for v, _ c/45 if the first forward sidelobe of the antenna
spectrum (lobe #3 in Figure 3-1) is included in the modeled spectrum [72, 73] . It
was predicted in references [72]and [73]that the low-energy part of the superthermal
tail is elevated by this sidelobe. A similar elevation has been predicted for the outer,
cooler regions of a hot plasma typical of larger tokamaks such as JT-60 [74]. This
prediction followed work in which an ad-hoc "two-parallel-temperature" model for
the superthermal tail, without direct experimental or computational verification,
was proposed to explain the increase in the volume-averaged thermal electron tem-
perature observed on the JT-60 tokamak [75].
Here the observation of a two-parallel-temperature superthermal tail on the
electron distribution function during LHCD experiments on the Versator-II toka-
mak is described. In addition, results of modeling the steady-state solution to
the Fokker-Planck equation are presented for conditions closely resembling those
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of the experiment. These results suggest the cold superthermal tail is initiated by
low-power, high-N11 waves from the first sidelobe of the antenna power spectrum
(10 < Nil < 15). Owing to toroidal effects, these waves upshift in Nil, thus bridging
the spectral gap and enabling the main power spectrum to damp and drive current.
The cold tail and the net current are further enhanced by upshifted waves from
the main power lobe (#1 in Figure 3-1), and by electrons that have been scattered
~ 180* by ions after acceleration by waves with Ni1 < 0 (lobe #2 in Figure 3-1).
3.2 ELECTRON-CYCLOTRON-TRANSMISSION MEASUREMENTS
DURING LHCD
The fast electron distribution function was measured using the electron cy-
clotron transmission (ECT) technique [59, 76] . The physical principle of the
technique is described in detail in reference [59]. Recent improvements in the
apparatus, mode of operation, and data analysis are reported in reference [60),
and the hardware is described in Chapter 2 of this thesis. The diagnostic uses
the electron-cyclotron resonance condition w - w, = klivil, where w is the wave
frequency, w,, = eB/-ymne is the relativistic electron cyclotron frequency in the ap-
plied magnetic field B, and k1 and vll are the wavenumber and resonant electron
velocity, respectively, parallel to B. Strong absorption of electron-cyclotron-wave
energy by electrons can occur along each "resonant semi-ellipse" described in ve-
locity space by the above condition, as shown in Figure 3-2. If this absorption is
measured, the number of electrons on or near a given semi-ellipse in velocity space
can be deduced. For fast current-carrying electrons in a tokamak LHCD discharge,
generally v1 > v1 , so the absorbing electrons are clustered near the vil-axis at the
ends of each semi-ellipse, so that to a good approximation, resonance occurs in only
a narrow band of vil's for a given semi-ellipse. The absorption, and hence the fast-
electron distribution function f/ s, can be measured at different parallel velocities
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by launching a low-power electron-cyclotron-wave across the plasma and varying W
or kil. The wave is launched top-to-bottom in a tokamak, so that B e constant
for the entire wave trajectory, and the extraordinary mode is used so that higher
densities can be accessed. In practice, other mechanisms attenuate the wave besides
resonant absorption, so two waves axe launched with opposite parallel phase veloc-
ities. It is assumed that resonant absorption is the only attenuation mechanism
dependent on the sign of k11, so that dividing the transmitted fractions of the two
waves cancels the effects of the non-resonant mechanisms, yielding a measure of
(f+ - f,-), which is the asymmetric, or current-carrying, portion of ff", averaged
over the plasma diameter. This results from the fact that the transmitted fractions
of the two rays are proportional to exp(-al - f) and exp(-a2 - 3), respectively,
where the a's are the attenuation coefficients due to resonant absorption, and 3
is the attenuation factor due to non-resonant mechanisms. Corrections must be
made to Nil and wce in the assumed region of absorption due to refraction. Here
these refractive effects were modeled using the electron-cyclotron ray-tracing code
TORCH. [77]
Output plots for some of these runs are shown in Figure 3-3. The two primary
effects of ray bending are to increase the effective wce and the Nil of the received
wave as the wave frequency approaches the cyclotron frequency in the plane of the
transmitting and receiving horns. The first effect is a result of the ray bending
toward lower magnetic field near the plasma edges, requiring the rays reaching the
receiving horn to pass through a higher magnetic field region mid-chord, as shown
in Figure 3-3. Thus the local cyclotron frequency is higher along the ray (especially
in the central region of the plasma where the superthermal electrons are primarily
located) than would be the case if the ray paths were along constant major radius R.
The second effect results from the fact that the group velocity and the phase velocity
diverge in direction as w approaches w,,. The ray (and the wave energy) travels in
the direction of the group velocity. This direction is fixed by the horn geometry,
because the wave energy must pass from the transmitting horn to the receiving horn.
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However, waves with the same group velocity directions but different frequencies
will have different phase velocity directions (hence N11's).
Because the transmitting and receiving horns are not infinitely separated, the
received Ni is not perfectly resolved. Hence a beam of fixed frequency is absorbed
by electrons with a finite distribution of energies [60]rather than of a single energy,
as would be suggested by the electron-cyclotron resonance condition. This effect
can be incorporated into the cyclotron absoption coefficient by substituting the
following function [60]for the delta-function integrand (the resonance factor) into
the expressions for the dielectric tensor elements:
A = 1-exp - "-Nllf il P1 (33)
V47 Ali kild
where d is the beam width. This makes the measured distribution function
appear flatter and smoother than the true function (f, - f;). To get the true
(f+ - f-), a test function for (ff - f-) can be convolved with the absorption
sensitivity function and the result compared with the data. This process can be
iterated, or the output of a modeling code can be used as the test function, as is
the case here. The convolved function, which is compared with the measurement,
is denoted (f -
Two series of discharges were analyzed from the Versator-II Tokamak with ma-
jor radius RO = 0.405 m, minor radius a = 0.13 m, and toroidal magnetic field
B < 1.2 T on axis. The plasma current, loop voltage, electron density, and toroidal
magnetic field are shown in Figure 3-4. The discharges of the first series (shown
by the solid curves in Figure 3-4) were sustained by LH waves with V,Kp < 0.05 V
and nearly constant I4 - 15 kA. The discharges of the second series (shown by
the dashed curves) were driven ohmically with Vo,, ~ 1.0 V, and I, decreased
from 23 kA to 10 kA at 1 kA/ms. The line-averaged electron density, central
bulk electron temperature, and edge electron temperature were (ne) = 8 X 1012
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cm 3 , TeO = 150 ± 50 eV, and Tde = 25 ± 5 eV, respectively, for the LHCD
discharges. For the ohmic discharges (ne) = 7.5 x 1012 cm- 3 , TeO = 250 ± 50 eV,
and Tde = 10 ± 5 eV. The densities were measured by microwave interferometry,
the edge temperatures were measured using a gridded energy probe, and the cen-
tral temperatures were estimated from Thomson scattering measurements during
previous Versator experimental runs [12]. Discharges within a series were highly
similar, so that ECT measurements at different EC-wave frequencies could be made
on a shot-to-shot basis. The ECT data for these two cases are shown in Figure 3-5.
For the LHCD discharges (Figure 3-5a), two tails were observed in (f+ - f-)*, a
cold tail extending from the lower limit of the measurement (about 2 keV) up to
about 15 keV with a temperature Ti"'l =3 keV, and a hot tail extending from
about 15 keV to the upper limit of the measurement (about 50 keV) with a tem-
perature Ti"' 12 >40 keV. For the ohmic discharges (Figure 3-5b), a single tail in
(f, - f -)* with TaZJOH = 7 keV was seen from the lower limit of the measurement
(2 keV) out to 25 keV, and no electrons with Eli > 25 keV were detected. The
data of Figure 3-5 were averaged over the gates shown in Figure 3-4. The vertical
error bars in Figure 3-5 represent the local standard deviation, and the horizontal
error bars are given by the uncertainty in w, due to horn geometry and refraction.
The experimental data were taken approximately one skin time after the measured
loop voltage had fallen to near zero. It is unlikely that toroidal electric fields are
responsible for sustaining the colder tail during the LHCD discharges, because the
cold tail is observed until the end of the LH pulse, nearly three skin times after the
external Vl,, falls to near zero. Data from 20 ms< t < 22.5 ms are presented here
because the higher toroidal magnetic field at this time enabled ECT measurements
out to higher parallel energies.
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3.3 COMPUTATIONAL MODELING USING CQL3D
The evolution of the electron distribution function, fe, during the LHCD
discharges was modeled using the three-dimensional, collisional quasilinear code,
CQL3D [78], which solves the Fokker-Planck equation in v1 ,vi -space on each flux
surface in toroidal geometry during LHCD, including the effects of ray propaga-
tion, particle trapping, relativity, and particle losses and sources. Parameters were
used that closely match the experimental conditions: 49 kW of LH wave power
is launched from a 4-waveguide grill at 2.45 GHz with the power spectrum shown
in Figure 3-1; a circular cross-section, low 3 target plasma with Shafranov equi-
librium was assumed with n, = neo(1 - r2 /a 2), T, = Teo(l - r 2 /a 2) 2 where
neo = 1.2 x 101 cm-3 , a, = 0.1317 m, T 0 = 150 eV, and ar = 0.169 m. Also
taken Zejv = 2, Voo, = 0.05 V, and an electron particle confinement time of 1.5 ms,
independent of velocity and position have been used.
When all four lobes shown in Figure 3-1 are included in the model antenna
spectrum, we find good agreement between the experimentally observed electron
distribution function and that predicted by the code, as shown in Figure 3-6 for the
LHCD discharges. The most pronounced effect of the ECT absorption sensitivity
function is to make the cold tail appear hotter and to remove the dip in (ff - f;)
near pli/moc = 0.175 predicted by the code. The dip is a result of the reverse tail,
which is created by lobes #2 and #4 of the wave spectrum. In Figure 3-6, the
convolved function (f+ - f;-)* has been normalized to match (f - f-) in the
middle of the hotter tail. The ECT data scale factor has been found by fitting
to (ff - f )* from CQL3D, using the radial profile of the superthermal electron
density as a free parameter. The resulting profile is consistent with measured radial
hard X-ray profiles on Versator within experimental uncertainty. The uncertainty
in the absolute level of the measured tail is much less than the magnitude of the
two-temperature feature. The code predicts a total plasma current of 14.1 kA, with
67
U <f -fe >* (Experiment)
- - - e - fe> (CQL3D)
-- <f + -fe >* (CQL3D)
10 1
+U
v
10
0.0 0.1 0.2 0.3 0.4
Electron pllmoc
Figure 3-6 Comparison of ECT data with CQL3D results.
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the cold forward tail carrying 2.6 kA in the range 0.082 < p1 /moc < 0.15 (1.7 keV<
Ell <5.5 keV), the hot forward tail carrying 16.3 kA in the range p1 /moc > 0.15
(Ell > 5.5 keV), and the reverse tail carrying -4.8 kA in the range p1 /moc < 0.11
(Ell > 3.1 keV).
When lobes #2,3, and 4 are removed from the model antenna spectrum, the
plasma current is predicted to be reduced to 223 A, and agreement with experiment
becomes very poor. The electron distribution function predicted by CQL3D versus
P/Pnorm, averaged over the vertical plasma minor diameter, is shown in Figures
3-7a and 3-7b for the cases with and without sidelobes, respectively. In the figures,
Pn orm = 0.82m 0 c for clarity of the sidelobes, but for the plasma current calculations
the numerical grid was extended to pnorm = 1.10moc. Negative pi, corresponds to
the direction of the plasma current. When only lobes #1, 2 and 4 are included, the
net plasma current is +4.6 kA. This is because a number of superthermal electrons
created by lobe #2 are scattered from negative pl to positive pli by ions and are
subsequently accelerated by upshifted waves from lobe #1. The current created in
this way exceeds by 4.4 kA the reverse current generated by lobes #2 and #4. This
effect is more pronounced at higher Zeff. The elimination of the toroidal electric
field in the model decreases the plasma current from 14.1 kA to 13.2 kA for the case
with sidelobes and from 223 A to 0.1 A without the sidelobes. This results mostly
from a decrease in (f - f;) in the range El < 1 keV.
3.4 HARD X-RAY AND DENSITY MEASUREMENTS
In addition to the ECT measurements, hard X-ray emission was measured from
the same plasmas using the seven-detector perpendicular array described in Chap-
ter 2. The time evolution of the emission for these discharges is shown in Figure
3-8. Note that the emission is very low prior to LH-wave injection, implying that
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few runaway electrons were produced. Hence the superthermal electrons producing
the hard X-rays were created by the LH waves. Radial profiles of the X-ray tem-
perature and energy-integrated emission for discharges similar to these are shown
in Figure 5-17 (the LH alone case). Except for the anomalously large emission at
R - Ro = -8 cm, the full width at half maximum (FWHM) of the emission profile
is 8 cm. When the LH pulse is shut off at t = 35 ms, the X-ray emission at all
radii increases, at most locations substantially, except at R - Ro = -8 cm. This
increase is approximately proportional to the emission at each location, and is prob-
ably caused by the rapid acceleration of the electron tail (formed by the LH waves)
by the suddenly increased loop voltage. The relative increase in the emission at
R - Ro = -8 cm to the sudden increase in V1,c,, is of the same magnitude as the
response at R - Ro = +8 cm, about 1 x 10' photons/cm2 , which is only 5% of the
total emission at R - Ro = -8 cm at the time of termination of the LH pulse.
The density profile is parabolic, as shown in Figure 3-9, and exhibits no un-
usual features near R - Ro = -8 cm, although the density at this radius was not
measured for these discharges due to a limitation of the density interferometer. The
interferometer was later improved to allow measurements at R - Ro = -8 cm, and
the density at this position followed the parabolic dependence of the profile dur-
ing discharges similar to those examined here. The anomalous peak is localized to
within ±2 cm of R - Ro = -8 cm. It moves to larger major radii as the plasma
current is reduced (e.g., to R - Ro = -6 cm for I, = 9 kA), and it is not observed
in high-O, discharges with I, < 6 kA [79]. One possibility is that the anomalously
large hard X-ray peak is emitted by trapped electrons as they reach their turning
points at the tips of their banana orbits. At this point the trapped electron has
only perpendicular energy, and it emits more bremstrahlung in the perpendicular
direction.
The problem with this explanation is that it does not explain the high degree
of radial localization of the emission, because for energies less than 50 keV the
brehmstrahlung is nearly isotropic, and trapped electrons with various pitch angles
72
loo
00 r- t4 -l
AI!SUQCI U0113PIF1 PQSPJ;DAV-PUI-j
............  ..... ...... .......... ..
... . ...... . ..... . ................ ...... ..
... . .. .... ..... ....... .. .....
..... .. ... .. .. ..... ..
W x x ..... .............. ......... ........
........ .... ... .. ... ... .. ..... ... ... ... ... ... ..... . .. .. ...
........ ..... .......... . . ...... ... ...... ......
CD
00
bO
Ei
,It
73
Proloidal Projection
PasmTa Edg
P=0.90
p=0- 5
0.30 0.35 0.40 0.45
e
0.50
Major Radius (in)
Figure 3-10
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have their banana tips at different major radii, as shown in Figure 3-10. This figure
shows output from a computer code, ORBIT, [80] which follows the orbits of fast
electrons in Versator. Figure 3-10 shows that, unless a large class of superthermal
electrons exists with a well-defined pitch angle, it is difficult to imagine how the
anomalous emission peak at R - Ro = -8 cm could be caused by trapped electrons.
Another possibility is that the emission is caused by a hollow cylinder of circu-
lating electrons, as shown in Figure 3-11. When the outward shift of the magnetic
axis for these discharges and the drift off of the flux surfaces is taken into ac-
count, fast circulating electrons passing through R - Ro = -8 cm also pass through
R - Ro a 12-13 cm. Figure 3-11 shows a plot of the LH wave energy density in the
tokamak [81], overlayed with the orbits of fast electrons with pitch = vI/v = 0.1
and energies of Eli = 20, 50, 100, and 200 keV. This figure suggests that a hot
cylinder of circulating electrons may be created by some form of electron heating at
the mouth of the antenna or by ray focusing near R - Ro = -8 cm. The LH energy
density plot is for f = 800 MHz, so it may differ moderately from the 2.45 GHz
case, but the major features are expected to be similar. The hard X-ray spectra for
the anomalous emission peak indicate that most of the emission is from electrons
with energy less than 50 keV. The large ratio ( > 15) of target ion densities at
R - Ro = -8 cm and R - Ro = +12-13 cm could explain the large difference in
bremstrahlung emission level, given the uncertainty in the location of the cylinder's
outer major radius and the ion density at the mouth of the antenna. It is unlikely
that the hypothesized hot electron ring significantly affects the ECT measurements
of the two-parallel-temperature electron tail because the measured anomalous X-
ray emission is highly localized in minor radius and is emitted by electrons with
energies greater than 20 keV. This anomalous X-ray emission feature is analyzed in
more detail in reference [57].
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Figure 3-11 Orbits of fast electrons with pitclh=o.1 overlayed on LH-wave power
map (from ref. [81]).
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3.5 CONCLUSIONS
A two-parallel-temperature tail in (f+ - f,-)* has been observed during LHCD
discharges on the Versator-II tokamak. Code modeling suggests that the cold tail is
initiated by high-Nil low-power waves from the first forward sidelobe of the antenna
spectrum. The main power lobe, which is launched in the range 1 < Nil < 5,
creates and sustains the hot tail and helps to sustain the cold tail, via Nil-upshift
to 7 < Nil < 10. The reverse power lobe with -10 < Nil < -5 creates most
of the reverse tail, part of which is reverse-scattered by ions, adding to the cold
forward tail and enhancing the net plasma current. In agreement with earlier code
modeling [72], the CQL3D code predicts that the N11-upshift of the main power
lobe is insufficient to bridge the spectral gap during LHCD experiments on the
Versator Tokamak. Inclusion of the sidelobes in the model is essential for correctly
predicting the experimentally observed plasma current. A similar explanation may
apply to LHCD results on other small tokamaks [65, 66]. In addition, this may be
of importance in explaining the increase in current-drive efficiency with increase in
volume-averaged electron temperature observed on the JT-60 Tokamak [75].
Radial profiles of the hard X-ray emission, X-ray temperature, and plasma
density have been measured, and except for an anomalous peak in the emission at
R - Ro = -8 cm, the emission profile is sharply peaked near the magnetic axis,
and the X-ray temperature is hotter near the plasma edge than at the center. The
anomalous X-ray emission peak near R- Ro = -8 cm does not appear to be caused
by trapped electrons emitting as they turn at their banana tips, due to the sharp
localization of the peak. The emission may be from a circulating hollow cyclinder
of hot electrons, but in this case stronger-than-observed emission near the outside
edge of the plasma would be expected. However, the large ratio ( > 15) of target
ion densities at R - Ro = -8 cm and R - Ro = +12-13 cm could explain the large
difference in bremstrahlung emission level, given the uncertainty in the location of
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the cylinder's outer major radius and the ion density at the mouth of the antenna.
Due to the high energy and sharp localization in minor radius of the anomalous
emission, it is unlikely to affect the ECT measurements or the conclusions regarding
the two-parallel-temperature tail.
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Chapter 4
Experiments with Electron-Cyclotron (EC) Waves
4.1 EC-FORMED TOROIDAL PLASMAS
In this section, the characteristics of EC-formed plasmas on Versator are de-
scribed. The confinement theory for these plasmas is presented and compared to
the experimental results. Results from both 35 GHz and 28 GHz ECRH systems
are presented.
Figure 4-1 shows the geometry of the 35 GHz antenna, along with the locations
of the EC and upper-hybrid (UH) layers in the plasma for Bo = 1.25 T and (ne,)
5 x 10" cm-3 . As in past experiments on other experimental devices, a cold plasma
is formed and confined on Versator when EC waves are launched into the vacuum
chamber with a toroidal magnetic field and hydrogen gas present. As described in
Chapter 1, these plasmas have been formed on other tokamaks by mode conversion
or nonlinear decay of the X-mode into the electron Bernstein (EB) wave near the UH
layer. These EB waves propagate toward higher magnetic field from the UH layer
towards the EC layer, and are heavily damped. When the 0-mode is launched,
it is believed that a large fraction of the power is converted to the X-mode due
to low single-pass absorption and wall reflections, and the plasma is formed. No
dependence on launched polarization has been observed, except for a moderate
broadening of the density profile in some 0-mode experiments [82], which may
be beneficial for preionization. The present understanding of the early stages of
the formation of these plasmas is that initial breakdown occurs at the EC layer
and a very low-density plasma is formed in the first tens of microseconds of the
discharge. This creates a UH resonance layer near the EC layer, and conversion to
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Figure 4-1 Schematic of the 35 GHz launcher and Versator plasma.
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EB waves begins. The EB waves damp rapidly and build up the plasma density and
temperature. This scenario is supported by the results of experiments on Versator.
Figure 4-2 shows the wave spectrum detected by a radiofrequency (rf) probe inserted
approximately 4 cm beyond the limiter from the top of the Versator vacuum chamber
during EC plasma formation. A distinct spectral peak is observed in the range of
200-400 MHz with an amplitude 8 dB above noise. During the time this spectrum
was taken, the plasma density was rapidly falling from 3 x 1012 cm-3 to X 1012 Cm-3 .
The average ion plasma frequency was therefore 300 MHz, and the lower-hybrid
frequency was 270 MHz. It would thus appear that parametric decay takes place
during the formation of these discharges. The detected wave is most likely the ion-
mode identified in Appendix D as the low-frequency decay wave. The frequency of
this wave, according to the theory described in Appendix D [4]is given by Equation
103. For parameters typical of Versator EC-formed plasmas, kwrce ; 0.04 and
kg 0, where rce is the electron gyro-radius. This yields f ~ 1.06fuh = 286 MHz,
which corresponds very well to the frequency of the observed spectral peak. It is not
possible to determine from this measurement the absolute power of the decay wave
in the plasma, however. Therefore it is still unclear to what extent nonlinear decay,
as opposed to linear mode conversion, is responsible for the plasma formation.
Figure 4-3 shows a surface plot of vertically-line-averaged electron density ver-
sus radius and time on Versator. These data were collected using the 28 GHz system
with 0-mode outside launch. The 2.45 GHz LH system was also used to inject waves
after time t = 5 ms, but this stage of the discharge is not considered here. The
radial profile was obtained by moving the density interferomter between discharges.
The plot represents about twenty-five near-identical discharges. These data were
taken prior to the rebuild of the tokamak toroidal field system, and hence the field
errors were relatively high. The toroidal field at R = RO was 1 T. The early stages
of the discharge are clearly revealed by the density contours during the steep initial
rise in the density. Disregarding the peak at R - RO = -5 cm for the moment,
note that the density first forms near R = Ro (the EC layer). The radial profiles
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are drawn every 150 ps. Within 900 ps the density peak has moved outward and
become somewhat double-peaked, with one peak at R - RO = 2-3 cm and another
at 5-6 cm. The peak density at this time is about 2.5 x 1012 cm-3, and the UH
layer has moved out to R - Ro = +6.5 cm. The peak at R - Ro = -5 cm is not
seen in all discharges, but it is seen to some degree in many discharges, both with
inside and outside launch.
The dependence of the central line-averaged electron density on the hydrogen
fill pressure is shown in Figure 4-4. These results confirm those of Anisimov, et. al.,
[19]in that a sharp boundary in fill pressure is observed below which breakdown is
impossible for a given rf power. This boundary was near 3 x 10-5 torr for 40-50 kW
of EC waves on Versator with 1 ms pulse length at 35 GHz. This boundary moved
to lower pressures at lower EC power, also in agreement with simple theory and
the results of reference [19]. Figure 4-5 shows the dependence on prefill pressure
of the plasma density, the decay-wave amplitude, and the rms fluctuation level.
These data were taken during 5 ms discharges formed by 25 kW of 28 GHz EC
waves. The dependence of the density is qualitatively similar to that of Figure
4-4, with the breakdown boundary at lower pressure due to the lower wave power.
The decay-wave amplitude and rms fluctuation level both decrease at a similar
rate with increasing fill pressure. The fluctuations plotted here are in the loop
voltage, but similar fluctuations are observed by the magnetic probes and by the
Langmuir probe, and their dependences on prefill pressure are the same. This figure
shows that a relationship may exist between the level of parametric decay activity
(or the power level of EB waves in the plasma) and the level of turbulent plasma
fluctuations, because both have a similar dependence on fill pressure. These EC-
wave induced fluctuations are also observed during ohmically driven and LHCD
discharges when EC waves are injected, as described later in this chapter and in
Chapter 5. These fluctuations may significantly degrade the confinement of the fast
current-carrying electrons under certain conditions.
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A simple theory describing the confinement of EC-formed plasmas has been
proposed by Nakao, et. al. [30]and Parail [83]. This theory is now described and
compared to Versator experimental results. In a simple torus with only toroidal and
vertical magnetic fields, the thermal electron dynamics are as shown in Figure 4-6.
Thermal electrons are dragged along the magnetic field lines by the parallel electric
field and drift perpendicularly, as shown. The parallel electric field is the small
parallel component of the vertical electric field caused by the drift of the thermaal
electrons, given by the sum of VB and curvature drift:
me Rc x B / vi) 34
VeD = - eRB + (34)
where R, is the radius of curvature vector, pointing toward the center of the cur-
vature of the magnetic field lines, and v1 and vj are the parallel and perpendicular
velocities, respectively, of the electron. The vector R, = -RR, where R is the
major radius and R is the major-radial unit vector, because only the toroidal field
posesses curvature. To prevent rapid E x B drift in the +R direction at the sound
speed (17 = /Te/ ,li) the vertical electron circuit must be closed. This prevents
the rapid buildup of a strong vertical electric field. Closure may be achieved by
diffusion along the slanted field lines such that the vertical components of VeE and
VeD are equal and opposite, where veE is the average electron parallel velocity un-
der the influence of the parallel component of the electric field. For an isotropic
Maxwellian plasma, this gives
VeEBv me Ve (35)
B eRBI
For certain values of Bv/B, this approximation holds for a large fraction of the
thermal electrons, not just for electrons with a precise initial pitch (= vw/v).
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Figure 4-6 Confinement of thermal electrons in EC-formed plasma with Bv and B,.
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Bt+ Bv
Dropping signs (so that all field quantities are positive) fluid theory gives the
parallel electric field consistent with a known VeE:
El = MV~ji (36)
e
where vei is the electron-ion collision frequency, and collisions with neutral hydrogen
atoms have been neglected. Charge separation due to VB plus curvature drift
generates a vertical electric field, which is partially shorted by the flow of electrons
back along the slanted field lines against the plasma resistance. The required vertical
electric field is
B veiv 2B 3E, = Ell - . (37)B, W 2e RB2
and the corresponding E x B drift velocity is
2 2
, te (38)
V
This is generally much slower than the sound speed. For typical Versator parameters
during EC-plasma formation, vx - 200 m/s for Bv = 2.5 mT, whereas v, ; 4.4 x
10' m/s. For sufficiently small B,, the approximations break down so that as
BtP -+ 0, vx - v,, rather than vx -+ oo. The above E x B drift is the major
perpendicular loss channel, as has been demonstrated in experiments on the WT-2
tokamak [30]. In addition, electrons and ions are lost along field lines at the sound
speed, given by ambipolar dynamics:
Vamb eE ZfB Z (39)
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The electron confinement time is thus -e = a/(Vx + Vamb), where a is the minor
radius. This gives
r,= A +C " , (40)
TI B/2 B
where A and C are constants. For Versator, A z 5.5 x 10-' and C e 1.3 x 103
for T in eV, B and B, in Tesla, and ne in cm-3 . This confinement time is plotted
versus Bv for various electron temperatures and densities, in Figures 4-7 and 4-8. In
Figure 4-7, the confinement time is plotted versus Bv for several electron densities
from 1.0 x 100 cm-3 to 5.0 x 1012 cm-3 for T = 10 eV. This plot clearly shows that
the confinement time improves with decreasing density for IBt I< 3 mT, and it is
poor and roughly independent of density for B,| 3 mT. In Figure 4-8, the electron
density is fixed at 1.0 x 10'( cm- 3 and 7, is plotted versus B, for Te ranging from
0.1 eV up to 100 eV. This plot shows that as T drops confinement is improved at
all values of B,, except JBI 1< 0.5 - 1.0 mT.
Figures 4-9 and 4-10 show profiles of electron density and H, emission versus
time for EC-formed plasmas on Versator. These data were taken prior to the toka-
mak rebuild in the Spring of 1991. This rebuild significantly reduced the radial error
fields on Versator. About 40 kW at 35 GHz was injected in X-mode polarization
from the high-field side for 1 ms. The toroidal field on axis was 1.25 T, and no ver-
tical field was applied. In Figure 4-9, the density rises very rapidly after turn-on of
the EC power, and the plasma quickly fills the chamber. It begins to sharply decay
near the end of the EC pulse. The density decay rate then slows substantially in
the 5 ms following the EC pulse. For example, identifying the e-folding time of the
density at R = RO with 7, yields confinement times of approximately 0.6 ms, 1.7 ms,
and 7 ms at times t = 2 ms, t = 5.5 ins, and t = 10 ms from the data of Figure
4-9. At these times, (ne) - 3.5 x 1012 cm- 3 , 1.4 x 1012 cm-3, and 0.4 x 1012 cm- 3 ,
respectively. For these parameters and B, = 2 mT and T = 10 eV, the theory of
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Figure 4-8 gives 7, = 0.65 ms, 1.7 ms, and 7 ms, respectively. Thus good agreement
is found in the dependence of Te on (ne) between the simple theory [30] [83]and
the Versator experiments at f = 35 GHz. In Figure 4-10, the H, emission, which
is proportionial to the ionization rate, peaks at R - RO ~ 2.25 cm, between the
EC and UH layers. The Ha emission dies off very rapidly after termination of the
EC-wave pulse, as is expected because the EC waves are the dominant ionization
mechanism.
The reduced E x B-drift velocity is in the direction of increasing major radius
R, so that the plasma density, which is produced in the region between the EC
and UH layers, is expected to be appreciable only for R > REC, where REC is
the major radius of the EC layer. This was not the case for the 1 ms, 35 GHz
experiments, as shown in Figure 4-9. Perhaps this was due to the relatively large
error fields present during the 35 GHz experiments, which were performed before
the tokamak rebuild. In contrast, the 28 GHz experiments confirmed the above role
of the EC-layer. This is shown in Figures 4-11 and 4-12, which show the plasma
density as a function of time and major radius for the cases of REC - RO = -5.5 cm
and REC - RO = +2 cm, respectively. For the REC - RO = -5.5 cm case, a peak
density of about 1 x 10"3 cm- is achieved and the plasma fills the chamber at major
radii R > REC. For the REC - RO = +2 cm case, the peak density is reduced to
about 6 x 102 cm-3, and the density is significant only for R - RO > + 3 cm.
In order to estimate the relation between the electron temperature, density,
and the injected EC power, the electron particle and energy confinement can be
modeled as follows:
dn, n,
= (v)inena - (41)
3_d___ _ 3 neTe3 d(eTe) 
- (PEC - Ploss - Prad) 
- (av)i nenaEon 
- Qei - E (42)2 dt P2 
-
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where PEC is the launched rf power, P1 . is the rf losses (e.g., wall losses) and fast
electron losses, Prad a 10-3neNimp (Win 3 ) is the power radiated by impurities
(assumed only oxygen and nitrogen), Q.; ; 3meneTe/mire, is collisional energy
transfer to ions, Eion - 30 eV is the ionization energy for a hydrogen atom (in-
cluding radiation and dissociation) [84), V is the plasma volume, n, is the neutral
hydrogen atom density, TE is the energy confinement time (which is set equal to 7e),
and rei is the electron-ion collision time. Equations 41 and 42 are zero-dimensional
in space. Solutions to the above equations are plotted in Figure 4-13, which shows
the predicted electron temperature versus thermalized rf power for various densi-
ties, with B, = 5 inT and BO = 1.25 T. This figure shows that the model predicts
marginal breakdown and Te , 20 eV, given the observed parameters of n, 4-
5 x 1012 cm- 3 and PEC z 40 kW. This is in crude agreement with experimental
results. At low densities and low rf powers, this model predicts temperature higher
than observed experimentally. This is because the parallel loss term dominates un-
der these conditions, and parallel heat conduction reduces 7E. This is not accounted
for in the model.
Note from Figure 4-6 that the combined action of drift and the vertical electric
field propel the thermal electrons to the left, for the chosen field directions. This
generates a small toroidal plasma current, which depends on B,. The superthermal
electrons are selectively confined in a related way, generating a superthermal current
in the same direction as the thermal current. The situation for superthermal elec-
trons is shown in Figure 4-14. Electric fields and interactions with other particles
are neglected, resulting in a simple competition between VB plus curvature drift
and parallel streaming along the slanted magnetic field lines. Ignoring relativity,
selective confinement of superthermals with B,(veii - B) > 0 is achieved when
B, meR x B 2 V(43)
' B ~ e R 2 B 2 V(1 + .
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The solutions to this equation are ellipses in velocity space:
1 = (2 U _ 1) + 21U2 (44)
where UJ = veijme/eBR and U± = v,±m/eBR. These ellipses are plotted in
Figure 4-15 for various vertical magnetic fields. This figure shows that smaller
vertical fields are generally better for confining electrons with large parallel velocity.
Such electrons may be generated by pitch-angle scattering of electrons with high
v1 that are created by the EC waves.
Strong evidence of confinement of superthermal electrons was found during
experiments on Versator with 5 ms pulses of 32 kW of ECH at 28 GHz. These
experiments were performed after the tokamak rebuild, which considerably reduced
the nonaxisymmetric error fields. This is indicated in part by the fact that up to
850 A of plasma current was generated in these EC-formed discharges, as opposed
to about 50 A prior to the rebuild. The bremstrahlung emitted by the superthermal
electrons was detected with a silicon-lithium crystal and a pulse-height analyzer.
These spectra are shown in Figures 4-16a and 4-16b for Bo = 1 T and 0.9 T, respec-
tively. A significant degradation in the total counts and in the X-ray temperature
TSXR is seen when the w,, layer is moved from R = RO to R - RO= -4 cm
(corresponding to Bo = 1 T and BO = 0.9 T). The count total for BO = 1 T was
147 and TSXR e 1.75 keV, whereas the count total for BO = 0.9 T was 80 and
Tsx R ~ 0.75 keV, excluding the three counts at 5 keV and 5.5 keV.
The dependence of the generated plasma current and the 2wc, (70 GHz) emis-
sion on applied vertical field is shown in Figure 4-17. The 2We emission is a good
indicator of the presence of superthermal electrons on Versator. The dependence of
I, and 2wce emission on B, are distinctly different. This indicates that the plasma
current is primarily carried by thermal electrons. Thus the mechanism of Figure
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4-6 (thermal electron confinement) is more important in generating toroidal cur-
rent than the mechanism of Figure 4-14 (superthermal electron confinement), when
the populations of thermal and superthermal electrons are taken into account. A
striking feature of these data is the asymmetry of the dependence of both I, and
the 2wce-emission on B,. The zero crossing of Ip is near B, = -2 mT, suggest-
ing that the toroidal field coils produce a vertical error field of +2 mT. However,
B, = -2 mT is not a perfect inflection point, because dI,/dB, is much greater
to the right of the zero-crossing than to the left. This lack of symmetry could be
caused by non-axisymmetric vertical error fields, or it may reflect a modification of
the confinement mechanism brought about by the poloidal B-field created by 4P.
Assuming I is contained within a 12 cm circle in the poloidal plane, centered on
the plasma axis, Ip = 850 A gives Be = 14 G at R - RO = ±12 cm. Thus closed
flux surfaces may exist for BV ;< 10 G. A broad maximum in the 70 GHz emission
is seen near B, = -2 mT, with a half-width of 2 mT. Assuming the vertical error
field is +2 mT, this implies that the superthermal electrons generated by the EC
waves lie in the shaded region of velocity space shown in Figure 4-15, according to
the simple theory.
4.2 Electron Cyclotron Waves and Plasma Turbulence
During EC-wave injection on Versator, strong enhancement of edge magnetic
and electrostatic tubulent fluctuations is observed. The magnetic fluctuations may
cause anomalous losses of fast current-carrying electrons, and the electrostatic fluc-
tuations may cause anomalous losses of thermal electrons. Hence both, particularly
the magnetic fluctuations, are important to the understanding of current drive on
Versator. In this section, a basic description of plasma magnetic turbulence is given,
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measurements of fluctuations are described, and the fluctuation-induced enhance-
ment of superthermal electron transport is calculated theoretically and compared
to experimental results.
Plasma turbulent fluctuations, both magnetic and electrostatic, are suspected
as the major cause of anomalously high electron particle and energy transport in
tokamaks [85-88] . For current-drive, the primary concern is with the particle con-
finement of the fast, current-carrying electrons. For these electrons, it is expected
that magnetic fluctuations cause greater transport than electrostatic fluctuations
[85].
The basic theoretical description of magnetic fluctuations in a tokamak is now
outlined, following the treatments of references [89] and [90]. The magnetohydro-
dynamic (MHD) equilibrium quantities q and 0 are defined as follows, assuming an
axisymmetric toroidal plasma with circular poloidal cross-section. The safety factor
q = rBo/RBO, where r is the minor radius, BO is the toroidal field on axis, R is the
major radius, and B9 is the poloidal magnetic field. The plasma volume-averaged
beta, / = (2p.onT/B 2 ), is the ratio of the average plasma pressure to the average
magnetic pressure. Generally, / < 1 and q monotonically increases from r = 0 to
r = a (the plasma edge). These conditions hold for the discharges on Versator con-
sidered in this thesis. Under these conditions, the magnetic-field variations outside
the plasma (where magnetic probes can measure the fluctuations) can be computed
as a linear noninteracting sum of fields generated by currents near each rational
flux surface. A rational flux surface is a surface where q = m/n, where m and n are
integers. In a tokamak with circular flux surfaces, the rational surfaces are nested
tori.
The toroidal plasma is now approximated as a straight cylinder. Under these
conditions, the axial component of the vector potential,
A, (r) = p o j. (r') dr', (45)f r - r'|
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is given outside the plasma by
A, (r, 0) = Ao ln(r) + E Am r-m - (r/b2) eime. (46)
m=1
A conducting wall has been assumed to exist at r = b. The conducting wall on
Versator is square in cross-section, but Equation 46 still gives an adequate estimate
of the screening effects of the wall on the modes. This effect is only significant very
near the wall for moderate to high m. For the turbulent fluctuations considered
here, the effect of the wall can be neglected, and the magnetic fields are
(-i)Bmr = Bme = mAmr-(n) (47)
Figure 4-18 shows the major plasma parameters for EC current-drive (ECCD)
discharges for which fluctuation data are presented, and Figure 4-19 shows the
parameters of the target discharge. The plasma current is ramped up rapidly by
the ohmic-heating (OH) transformer at time t _ 5 ms, and peaks at nearly 30 kA
at i = 8 ms. The plasma current and the loop voltage fall rapidly during the
following 10 ms. This is followed by a 20 ms period of slower decay of Ip and Vlp,
during which 32 kW of EC power is injected in the X-mode polarization from the
high-field side with a = 0, where a is the angle from the normal to B, and a < 0
is in the direction of the plasma current. The electron density slowly decays from
about 3 x 1012 cm-3 to 2 x 1012 cm 3prior to EC wave injection. This density is
sufficiently low to allow the formation of a slideaway electron distribution function,
in which a large fraction of the plasma current is carried by superthermal electrons.
The electron density drops abruptly to 1 x 1012 cm-3upon injection of the EC
waves, and slowly rebuilds during the pulse. The 70 GHz (2wce emission) cyclotron
emission shown in Figure 4-18 is generated primarily by the superthermal electrons.
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When the EC waves are injected at t = 25 ms, the decay in I is partially
arrested, and V, drops rapidly, reaching negative values near the end of the EC
pulse. The plasma major radius expands during EC wave injection, indicating an
increase in #, + f/2, where O, = (2ponT/B,), Bp is the poloidal magnetic field,
and fi is the plasma internal inductance. This must be caused by either an increase
in plasma pressure or in ej, because the plasma current (and hence the volume-
averaged poloidal magnetic pressure) is raised by the EC pulse. The increase in
plasma pressure must come from electron heating, because the electron density is
constant or drops during EC wave injection, and EC-wave effects on ions are small.
This could be heating of thermal electrons or superthermal electrons. The single-
pass absorption is less than 1% for the X-mode at 9 e 90* for the density and
temperature of the bulk Maxwellian. Therefore direct heating of thermal electrons
by the EC wave is unlikely. Mode conversion to the Electron Bernstein (EB) wave
may occur near the upper-hybrid layer, however, and the EB waves may heat the
thermal electrons. Another possibility is an increase in fi, which is caused by a
narrowing of the plasma current radial profile. This might occur if the EC waves
drive current mostly near the magnetic axis. However, the large increase in fi
required to account for the outward motion is inconsistent with estimates of fi
based on measured X-ray profiles. The increased signal on the magnetic probes is
not due to the fact that the ECH pushes the plasma outward, closer to the probes.
During discharges in which the ECH does not move the plasma outward, a strong
increase in signal is still observed. Also, during discharges in which the ECH does
move the plasma outward, the plasma is closest to the probe at the end of the ECH
pulse, yet the enhanced turbulent signal is of uniform amplitude throughout the
ECH pulse. The response of the signal to the ECH is much faster than the response
of the in/out position.
The raw signal from magnetic probe #5 is shown in Figure 4-20 for the dis-
charge of Figure 4-18 (with EC), and in Figure 4-21 for the discharge of Figure 4-19
(without EC). The voltage across the terminals of this coil has been digitized at a
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I cm
1 MHz sampling rate and divided by the effective area of the coil (0.0040 m2 ). Note
the large burst of activity during the high-current OH phase of the discharges. The
power spectrum of dB5/dt during this time (averaged over both discharges) is shown
in Figure 4-22. The majority of the spectral energy during this phase is in a mode
of frequency f = 70 kHz, most likely with relatively low poloidal mode number m.
The trailing spectrum from 100 kHz up to the filter rolloff at 400 kHz could be a
consequence of the complicated time and spatial dependence of the 70 kHz mode,
or it could be turbulence unrelated to this mode. At t=25 ms the EC waves are
injected, and the magnetic fluctuations increase in amplitude, as can be seen from
Figures 4-20 and 4-21. These signals do not contain a large single mode, but are
almost evenly distributed across the frequency band 50-400 kHz. Figure 4-23 shows
the power spectrum Id3,/dt12 versus frequency for the period 25.5 ms< t <29.5 ms
with and without EC-wave injection. Note that the vertical scale on this plot is
30 times smaller than on Figure 4-22. Also, the plot shows the square of the time
derivative of B,, which is weighted by the square of the frequency. The power
spectrum of the actual fluctuating field, B1,, is plotted in Figure 4-24 for (a) the
initial ohmic burst, (b) during EC-wave injection, and (c) without EC-wave injec-
tion but during the same phase of a similar discharge as (b). This power spectrum
obeys Parseval's theorem: B,(rms)= f B2(f) df. The integral over f is from
zero to half the sampling frequency (the Nyquist frequency). The fluctuations are
enhanced by an order of magnitude by the EC waves across a very broad frequency
range 50 kHz<f <400 kHz, where the upper limit is determined by the filter roll-off.
Electrostatic fluctuations were observed using a floating Langmuir probe. The
probe was inserted approximately 0.25 cm behind the edge of the limiter, and
oscillations in its floating potential were filtered at 400 kHz and digitized at 1 MHz.
These fluctuations are shown versus time in Figures 4-25 and 4-26. Note that the
electrostatic activity is not as intense during the initial ohmic phase as the magnetic
activity, at least as measured outside the plasma. The electrostatic fluctuations
increase as a result of the EC waves, but not to as great a degree as the magnetic
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probe signal. The electrostatic fluctuation spectra are shown in Figures 4-27 and
4-28 for the initial ohmic phase and the EC-wave injection phase, respectively. In
all cases the fluctuation level falls with increasing frequency, more so during the
EC-wave phase than the initial ohmic phase. The electrostatic fluctuation levels
are comparable for the initial ohmic and EC phases, in contrast to the magnetic
fluctuation levels. Figure 4-28 shows that the EC waves enhance IflIot 2 by about
a factor of four at low frequencies ( ;< 50 kHz), and that this enhancement ratio
increases with increasing frequency. There is no clear indication of large single-
frequency modes in any of the electrostatic spectra.
Results on Versator suggest that the fluctuations are driven by some interaction
of the EC waves and the plasma interior, rather than directly at the plasma edge.
This is suggested by Figures 4-29 and 4-30, which show, on a fast time scale, the
turn-on of the EC pulse and the magnetic probe signal for two different toroidal
fields. The magnetic probe is located at R = 0.545 in, and the EC layer was
located at R = 0.445 m and R = 0.393 in for Figures 4-29 and 4-30, respectively.
Relative to the turn-on time of the EC wave power, the fluctuations reach their full
enhancement about 80 ps later when REC = 0.393 m than when REC = 0.445 m.
Approximating the distance between the locations of the turbulence source for the
two cases as the distance between the EC layers (0.052 m) gives a propagation
velocity of 650 m/s for the turbulent wavefront. The origin of the fluctuations
appears to be much closer to the probe than the EC layer, but not all the way at
the plasma edge, because for REC = 0.445 m the enhanced turbulence arrives at
the probe within 20-50 ps of EC turn-on. This result is different from observations
on the TEXT tokamak [89], in which the time-of-arrival of the enhanced turbulent
signal was found not to depend on the position of the WCelayer. The TEXT plasma
is typically hotter, denser, and larger than on Versator.
We now estimate the radial diffusion coefficient for the superthermal electrons
that would be expected from the observed level of magnetic fluctuations. Considered
first are the low-m modes, such as the mode with frequency f = 70 kHz during the
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initial ohmic phase of the discharge shown in Figure 4-22. These modes are relatively
long-lived (with lifetimes of at least several periods), so they are much more coherent
than the higher-frequency turbulent modes, which usually have lifetimes of a fraction
of a period [89]. The low-rn modes are localized in radius near a rational flux
surface. They perturb the equilibrium flux surfaces in such a way as to produce
"magnetic islands" centered on the flux surface. These modes only affect transport
in the neighborhood of the island. The commonly accepted expression for the island
radial width is [91]
A = 4 [Rbr(rn,n)/?nBol jq2(rm,n)/q'(rm,n)I, (48)
where m and n are the poloidal and toroidal mode numbers, respectively, of the
mode, and q' = dq/dr. An upper bound for the island width can be estimated
for the discharges considered in this section. Because q(rm,n) = m/n, the island
width is clearly maximum for n = 1, giving q = m. The discharges of Figures
4-18 and 4-19 have q(r = 13 cm) ~ 7 - 10 during the initial ohmic phase in which
the low-frequency mode is observed. Also, q(r = 0) is generally close to unity for
ohmic discharges, and q is often assumed to increase as r 2 toward the edge. Thus
we assume a q profile of the form q = 1 + 9(r/13) 2 , and the maximum island width
is attained near the edge, for the given constraints. Taking the limiting values of
q = n = 10 at R ~ 53 cm and using IBrI = |Bp from Equation 47 gives an island
width of A ~ 0.17 cm. Thus the coherent modes observed on Versator can affect
transport in only a very narrow radial zone, and hence they are not important in
determining the radial diffusion of electrons.
The diffusion of superthermal electrons by higher-m turbulent magnetic fluc-
tuations is now considered. The diffusion of electrons by magnetic turbulence is
caused by the wandering of each electron from one equilibrium flux surface to an-
other as it follows the stochastic field line that is coincident with the electron's
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guiding center. The diffusion coefficient is therefore proportional to the parallel
velocity of the electron, and is given by [92,93]
DM = v1 rqRo((b,/Bo)2 ), (49)
where b, is the radial fluctuating magnetic field and () is an average over a flux
surface. An estimate of Dm can be obtained using this formula and extrapolating
the observed fluctuation levels at the plasma edge to smaller radii using Equation
47. This ignores the fact that the source for a given m, n turbulent "mode" is
nonlocalized in radius. Also ignored is the possibility of averaging effects due to
the displacement of the fast-electron orbits from the flux surfaces (94]. Ignoring
these two effects tends to lead to an overestimate of the radial diffusion coefficient.
Experiments on other tokamaks [95-97] indicate that the diffusion coefficient for
superthermal electrons is smaller near the plasma center than closer to the edge,
implying that the extrapolation assumption cannot be used all the way to the
magnetic axis. Bearing this in mind, extrapolation of the measured turbulence
level during ECCD (from Figure 4-24) inward from the probe location to the outer
third of the plasma using Equation 47 and assuming m ~~ 15 gives ((br/Bo)2 ) ;
2 x 10- at r = 10 cm. This gives a diffusion coefficient of 5 m 2 /s for superthermal
electrons with vil = 1.5 x 108 m/s (corresponding to El ; 80 keV). This diffusion
coefficient is large enough to cause fairly severe losses of the fast electrons. If,
for example, it is assumed that one-third the plasma current is carried by fast
electrons in the outer third of the plasma (8 < r < 12 cm) with og = 1.5 x 108 m/s
(Ell _ 80 keV), and the density gradient scale length of these electrons is assumed
to be n[=/Vnfas = 4 cm, then the outward flux of these electrons, given by
F = -DmVn" , is approximately 1.25 x 10' m- 2s 1 . This flux level implies
that the fast electron population in this radial zone must be replaced every 0.25 ms
to maintain the assumed plasma current and radial distribution of fast electrons.
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This does not include other loss mechanisms, which will shorten the replacement
time. This 0.25 ms replacement time is a lower bound on the confinement time of
80 keV electrons in the outer third of the Versator plasma due to losses caused by
m = 15 magnetic turbulence. Higher-m turbulence will lead to higher calculated
diffusion coeficients and shorter confinement times. If the magnetic turbulence is
assumed to decrease considerably toward the magnetic axis, as has been suggested
by experiments on other tokamaks [97], the outward flux of fast electrons close to
the magnetic axis is less than the flux nearer the plasma edge. For example, consider
a beam with the same number of 80 keV electrons (6.3x10') and gradient scale
length (4 cm) as in the above example, located in the inner third of the plasma
(r < 4 cm), and ((b/Bo)2 ) z 2 x 100 (ten times smaller than in the outer third
of the plasma). The resulting diffusion coefficient is 0.5 m2 /s, the outward flux is
I = 6.25 x 1017 m- 2 /s, and the confinement time is 1.6 ins. Thus, given the above
assumptions, the confinement time of 80 keV electrons on Versator in the presence
of magnetic turbulence is 0.25 ms in the outer third of the plasma and 1.6 ms in
the inner third. Good confinement of fast, current-carrying electrons during EC
wave injection would thus only be expected for relatively peaked radial profiles of
the fast electron density.
Also, the confinement of high-energy superthermal electrons is degraded much
more by magnetic turbulence than is the confinement of low-energy superthermal
electrons. For example, the confinement time of electrons with Ell = 1 keV (v/c =
0.0625) is improved by a factor of 8.0 over that of 80 keV electrons due to the linear
vii-dependence of Din.
In addition to potential enhanced losses of superthermal electrons during EC-
wave injection, the thermal electron confinement is observed to degrade during EC-
wave injection on Versator. A similar phenomenon has been observed on other small
tokamaks [98,99], but it is not observed on DIII-D, a large tokamak with hot plasma
and nearly 100% single-pass absorption [100]. Figures 4-31 and 4-32 show the line-
averaged electron density and H, emission versus time for an electron-cyclotron
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current-driven (ECCD) discharge. The electron density drops and the H" emission
rises during EC-wave injection, clear indications that the thermal electron particle
confinement time has decreased. Because the diffusion coefficient in Equation 48
is proportional to v11, the radial diffusion rates predicted for thermal electrons on
Versator as a result of magnetic fluctuations are far below those observed experimen-
tally. However, electrostatic turbulence becomes an important diffusion mechanism
in this case. The electrostatic and magnetic fluctuations observed on Versator are
not necessarily independent; they could both be manifestations of the same insta-
bility or instabilities. Electrostatic fluctuations in electron density and temperature
result in pressure fluctuations, which can cause current fluctuations, which in turn
cause magnetic fluctuations. In reference [99], the radial flux caused by electrostatic
fluctuations was shown to be consistent with the observed enhancement of thermal
electron transport during ECH on the DITE tokamak.
4.3 ELECTRON-CYCLOTRON CURRENT-DRIVE
4.3.1 Theory and Experimental Results
Recall from Chapter 1 that EC waves accelerate electrons primarily in the
direction perpendicular to the confining magnetic field, diffusing them in the vJ
direction in velocity space. The EC waves heat electrons when the relativistic
resonance condition is satisfied: w - eB/ymo = k11v11, where 7 = (1 - v 2/c 2 )-1/2
and mo is the electron rest mass. This equation is simply the condition that the
time-averaged wave electric field is nonzero in the reference frame of the electron.
This gives -- w,,1w-NaP1 = 0, where P1 = pli/moc, Wc = eB/mo and N11  ck 1 /w.
In the nonrelativistic limit (y = 1) this gives P11 = (1-we/w)IN11, and the resonance
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curves are straight lines in momentum space with P1l =constant. For the general
case = +p + p2, giving
N11(wce/w) t N - i) (1 + pil) + W/w2
1 -N (50)
where P- = p/rmoc. For a given N11 this equation describes an ellipse in momentum
space, as shown in Figure 4-33. In this figure, resonance curves are plotted for
f = 28 GHz, B = 0.85 T, and 0.55 < Ni < 0.9. No real solutions to Equation 50
exist for N11 < 0.527 for the given wc/w.
In general, seven mechanisms can affect the plasma current during EC-wave
injection: (1) parallel momentum transfer, (2) relativistic mass variation, (3) in-
duced loop voltage, or parallel electric field, (4) selective reduction of the electron
collision frequency, (5) selective trapping/detrapping of electrons, (6) selective elec-
tron losses, (7) the bootstrap current. First considering mechanism (3), the induced
electric field resists variations in the plasma current:
1 &LI
Ell = 2- r I a t , 51
where Ell is the parallel electric field, L is the plasma self-inductance (internal plus
external), and I is the total plasma current. This mechanism is important during
ECCD on Versator only when LI is changing with time. To better understand the
remaining mechanisms, the diffusion of electrons in velocity space by the EC waves
is first described. Recall Equation 21, repeated here for convenience:
afo a = afo foat- .D- + aL(52)
124
RESONANCE CURVES FOR B=0.85 Tesla, (=28 GHz
-0.8 N11  0.9
- -0.7
-0.6
-0.55
N11 -0.9 0.
0.77
0.6
0.55
1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4
PARALLEL NORMALIZED MOMENTUM
Figure 4-33
V -
0.6 0.8
trapped
passing
V1
A1
trapped
passing
V11
Figure 4-34 The Olikawa current (selective trapping/detrapping of electrons).
125
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
01
This is the relativistic Fokker-Planck equation, a diffusion equation in velocity space.
For EC waves with w ~ wc, the n = 1 term dominates the diffusion coefficient
(Equation 22), giving:
D E C 1 7r 2 f 3 kDEC = V 766(w-(2r) 3  kg j - Wee)a* aki (53)
where aki = (ekI + -JEk a+ Nil Ekl = (Ek. + iEky)J 2 + Ek. -
iEky, and E., EY, and E, are the wave electric field components. For typical val-
ues for ECCD on Versator of N = 0.5, v±/c = 0.05-0.3, and w ~ we, the 181
term (the perpendicular diffusion term) is ten to four hundred times larger than
the (Ejjejj) parallel diffusion term. Thus perpedicular heating dominates over par-
allel momentum transfer for ECCD, and mechanism (1), is relatively unimportant.
Mechanism (2), the variation of the current due to the relativistic variation of the
electron mass, causes a reduction in the current as the electrons are heated by the
EC waves. This is because the parallel momentum of each electron is conserved,
and the electron's mass is increasing during heating so the electron's parallel veloc-
ity must decrease. Viewed another way, the electron velocity must always be less
than the speed of light c. As the electron is heated toward v 1 ; c, the parallel
velocity must become smaller to maintain v' + V2 < c2 . For ECCD on Versator
this mechanism is not very important. For example, for a 20 keV tail electron with
t1 = 8.2 x 10' m/s and v 1 = 0, heated perpendicularly until its total energy is
100 keV ( a rather extreme case), the final parallel velocity is 7.1 x 107 m/s, a 13%
reduction.
Mechanism (4), the selective reduction of the electron collision frequency by
perpendicular heating, is the principal mechanism of ECCD. This mechanism, which
was described in section 1.3, is shown schematically in Figure 1-4b. The EC wave
diffuses a group of electrons in velocity space from v, to v 2 , where v 2 - vi is in
the vi direction. In this case, no parallel momentum is transfered to the electron.
126
Due to the velocity dependence of the Coulomb cross section, the electron collision
frequency decreases with increasing velocity, so that ve(V2) < ve(vi), where ve is
the electron collision frequency. Therefore the new group of electrons at v 2 takes
longer to mix back into the Maxwellian distribution than the "hole" that was left
behind at V 2 . On average, this increases the number of electrons moving to the
right, producing a net current.
Mechanism (5) involves the trapping and detrapping of electrons. Due to the
1/R variation of the toroidal magnetic field in a tokamak and the conservation of
magnetic moment (1 = v2 /2B) along electron orbits, electrons with sufficiently
high v 1 can be trapped in the region of low B centered on the outer midplane.
For each flux surface in the plasma, a trapping boundary exists in velocity space
given by v/v 1 = R/r, where r is the minor radius of the flux surface and the
velocities are defined on the outer midplane. For vw/vl > Rl/r, the electrons
are trapped, and for v±/vo1 < R/r they are passing. Figure 3-10 shows some
trapped and passing electron orbits on Versator, as generated by the Matlab m-file
ORBIT. [80]This code integrates the guiding-center trajectories of charged particles
in a tokamak using a fourth-order Runge-Kutta integrator. Toroidal effects on the
magnetic field are included to first order in the inverse aspect ratio f = a/R, where
a is the minor radius. The applied vertical field and the Shafranov shift are second-
order effects that are neglected. The plots in Figure 3-10 show the "banana" orbits
of trapped electrons, and the orbits of passing electrons, which stay close to the
flux surfaces, provided the electron energy is not very large. The trapped electrons'
average toroidal velocity is given by a rate of precession as each electron bounces
back and forth in its trapped orbit. This average toroidal velocity is typically two
orders of magnitude slower than the toroidal velocity of passing electrons. Hence
trapped electrons effectively carry no toroidal current. Mechanism (5) is illustrated
in Figure 4-34, which shows how current can be generated by EC waves by selectively
trapping electrons on either side of the v 1 = 0 axis in velocity space. This current is
sometimes called the "Ohkawa current [101J." Very efficient current production is
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possible via this mechanism, at least for a short time, because only an incremental
amount of energy is required to boost electrons over the trapped/passing boundary
if they are near the boundary initially. This current mechanism has never been
observed experimentally, however.
Mechanism (6) is related to mechanism (5) in that high-energy trapped elec-
trons are more prone to radial losses if before they were trapped they were traveling
in the direction of the plasma current (so as to detract from it). This is shown in
Figure 3-10, where it can be seen that a trapped electron forms a banana orbit to
the outside of its passing orbit if it is traveling with the plasma current, and inside
if it is traveling opposite to it. Because radial losses are enhanced at larger minor
radii, the electrons with the banana orbits at larger r will tend to be lost sooner.
This creates a sink in the trapped region of velocity-space that is asymmetric with
respect to vil. As electrons drain into this sink via collisions, a toroidal current is
generated.
Mechanism (7), the bootstrap current, is also dependent on electron trapping
[1021. When the density is decreasing with increasing minor radius in the plasma,
more trapped electrons are passing through point A in Figure 3-10 with inner ba-
nana orbits (traveling opposite the plasma current) than with outer banana orbits
(traveling with the plasma current). The difference is (dnt/dr)Ab, where nt is the
density of trapped electrons, r is the minor radial coordinate, and Lb is the banana
width. The banana width is proportional to 1/B,, where B, is the poloidal mag-
netic field. Thus a current exists at point A, called the neoclassical diamagnetic
current, given by
Jd = -3/2 lP (54)B, &r'
where p = nT is the plasma pressure and e = r/R < 1. The temperature gradient
factors into the current in the same way as the density gradient, because a local
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current is also generated if the trapped electrons traveling in one direction have
higher parallel velocity, on average, than those traveling in the opposite direction.
The neoclassical diamagnetic current given by Equation 54 is relatively small in a
tokamak. However, these trapped electrons efficiently impart momentum to nearly-
trapped passing electrons, thereby generating a much larger current:
Jb :e1/ 2 1 ap (55)
This is the bootstrap current [102,103]. It is carried by the nearly-trapped passing
electrons that obtain their net toroidal momentum from the trapped electrons. It
is larger than the neoclassical diagmagnetic current by a factor 1/E, and it can, in
theory, contribute most of the current in a tokamak with high O, = 2p1 inT/B. Sig-
nificant bootstrap currents have been purported to exist in several recent tokamak
experiments, including ECCD experiments on T-10 [104], but conclusive evidence
is lacking. It has not been possible to measure the bootstrap current directly, and
therefore it is measured by subtracting from the observed plasma current the cal-
culated currents generated from all other known mechanisms. On Versator O, is
low during ECCD, so the bootstrap current is not expected to be significant for
the thermal electrons. However, the boostrap current due to a small population of
superthermal electrons may be significant during ECCD on Versator. In this case
Equation 55 is invalid and the bootstrap current must be calculated numerically
using a Fokker-Planck code such as CQL3D.
Figure 4-35 shows plasma parameters for a typical good ECCD discharge for the
case of O-mode inside launch on Versator. Here, 40 kW is launched with a = +200,
where a is the angle from the normal to Bo, and negative a is in the direction of
the plasma current. Upon injection of the EC waves at t = 24 ms the decay of the
plasma current is arrested, and a steady I, = 15 kA is maintained until turn-off of
the EC power. The loop voltage falls from 0.15 V to zero within 1 ms after EC-wave
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turn-on, and oscillates about zero until turn-off of the EC-wave power at t = 33 ms.
The current-drive figure of merit 71 = (ne)(10 " cm- 3 )I(kA)R(m)/PEc(kW)=0.003
for this discharge. This is 30% to 40% of the highest y7 achieved during LHCD on
Versator. Upon turn-off of the wave power, Vloo, jumps back up to about 0.15 V,
and I, begins to decay again. The negative loop voltage after plasma termination
is caused by the decay of the applied vertical field. The glitch in V1l, and slightly
different density behavior of the OH discharge for t ~ 20 ms is due to different timing
of the firing of a secondary vertical-field capacitor bank during the OH discharge.
The density during the OH target discharge builds to 6 x 1012 cm-'duxing the peak
in 4, near t = 10 ms, then decays at an average rate of 1.3 x 10" cm- 3 /ms until
plasma termination at t = 36 ms. For the ECCD discharge, the density rapidly
decreases upon EC-wave injection, from 2.2 x 1012 cm-'to 1.2 x 1012 Cm-3 in the
first 0.5 ms of the microwave pulse. This is followed by a gradual buildup of the
density until its prior value of 2.2 x 1012 cm-3 is attained at the end of the EC pulse.
Upon EC turn-off, the density decays again at about the same rate as during the
OH discharges. This density behavior was commonly observed during ECCD on
Versator. The ECCD efficiency decreased rapidly as the target density was raised
above (ne) = 3 x 10" cm- 3 . The 70 GHz emission is enhanced during ECCD over
the OH value. Note that significant emission is present for the OH target discharge,
indicating the presence of a "slideaway" electron tail. No dependence of plasma or
current-drive parameters on launched EC-wave polarization was observed. Due to
transmission-line limitations, only about 32 kW of X-mode could be injected. At
the density shown, this was not sufficient to fully arrest the decay of the plasma
current. However, for a given power level, 0-mode and X-mode ECCD discharges
were indistinguishable.
The general independence of current-drive and plasma parameters on EC-wave
launch angle is shown in Figure 4-36 for 40 kW of 0-mode launched from the high-
field side. Target discharges with inside, centered, and outside equilibria are shown.
These are defined by the location R - Ro of the current channel, as measured by
131
-- 0 -C O
; 0 0 0 0 C
(A) Q5DIOoA doo-
0
00 0
p iso 0
0 0 1C)I
0
(0
a
0
(0
(0
It in
o c
(N (D
c
0 <
I
0 -
U -
0 aN -
00 000
0~ m
*el
U -
0
m9
0
(0
C
C:
0
0
0
'I
I I
-0 0
0 0
0
I.
N 0 to to It N c
- X -JI! i b~ I I!
o o
0 -
* -
i I.
o LO 0 in 0 LO
n~ N (N -
132
0
co
0
0 41~
Cq
0 0
C
C,
0(0 e
4)
0
0
(D2
rn-
ID
C)
.'
C,
('
'I
0
co
0
-0 c
c
(0
C
0 <'
CN z
0
0
(0
(sw/v ) WIP
SH
to
C;
o 0
magnetic pickup coils. The inside discharges have R - RO < - 0.5 cm, the centered
discharges have -0.5 cm < R - Ro < + 1 cm, and the outside discharges have
R - Ro > + 1 cm. The horizontal solid, dashed, and dotted lines in each plot
indicate the values for the target OH discharges with centered, inside, and outside
equilibria, respectively. The effectiveness of the ECCD is given by dIp/dt and V1 ,0
during the EC pulse, as compared to the ohmic case, and high dI,/dt and low
Vl,,P are desireable. As can be seen in the upper two plots in Figure 4-36, these two
parameters are generally independent of launch angle for ECCD on Versator. Inside
target equilibria yielded the greatest increase in dIp/dt and decrease in Vl,, relative
to the ohmic case, but centered target OH discharges, which had a higher dI,/dt and
lower 111, than the inside target discharges, yielded ECCD parameters at least as
good as for the targets with inside equilibria. The outside target equilibria yielded
poorer results, with dI,/dt below and Vep above those of the centered and inside
discharges for all angles measured.
Also plotted in Figure 4-36 are the steady and oscillating components of the
limiter hard X-ray emission. These X-rays are detected by a sodium-iodide crystal
detector placed outside the vacuum chamber, viewing the limiter (as shown in Figure
2-1). Because the X-rays must penetrate the 0.25-inch-thick stainless-steel vacuum
chamber before entering the detector, only photons with energy greater than about
100 keV are detected. The steady limiter X-ray emission is an indication of the level
of fast-electron losses induced by the EC-waves (perhaps via magnetic fluctuations,
as described in the previous section). The oscillating X-ray emission is indicative of
the anomalous Doppler instability, which the EC-waves tend to stabilize. As can be
seen from Figure 4-36, inside and centered equilibria again produce more desireable
results than outside equilibria, with no clear dependence on launch angle. The
steady X-ray emission is reduced for the centered discharges, while it is on average
increased for the outside discharges. The oscillating X-ray emission is reduced by
the EC-waves for the inside and centered target equilibria, and there is no clear
effect for the outside equilibria. The lack of dependence on launch angle of all
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parameters may imply that the single-pass absorption is weak, even for the non-
Maxwellian target electron distribution. In this case the waves presumably reflect
off the vacuum chamber walls and sufficiently isotropize before being completely
absorbed. Another possibility is that absorption occurs in a regime in which the
resonance curves for all launch angles converge to one region of velocity space. This
possibility will examined below in more detail.
Additional plasma parameters are shown in Figure 4-37 for the same ECCD
discharges as shown in Figure 4-36. The density, the position of the current channel,
and Op + ei/2 (averaged over the EC pulse) are plotted. All parameters are found
to be independent of launch angle, with the possible exception of the density for
centered target equilibria, which drops more at large negative launch angles. The
plasma density is always found to drop during ECCD on Versator. Depending on
the toroidal field (i.e., the location of the EC layer) relative to the current channel,
this drop can vary in magnitude and steepness. For the discharges shown in Figure
4-37, the drop is clearly greatest for outside target equilibria. For some of the
centered and inside discharges, the drop is very small, about 10% or less. The
radial position of the current channel, R - RO, is plotted for the various equilibria,
again versus launch angle. This plots clearly shows that the larger the major radius
of the target discharge, the greater the outward perturbation of the major radius
by the EC-waves.
The best ECCD efficiencies were achieved on Versator when the EC-layer was
located toward the high-field side of the plasma. Figure 4-38 shows the dependence
of the loop voltage and dI,/dt on the location of the EC-layer. For these discharges,
all parameters were kept constant except the toroidal field, which was scanned from
0.75 T to 1.2 T at R = Ro on a shot-to-shot basis. About 32 kW was injected from
the high-field side with a = 0* in the X-mode polarization. The highest efficiency
was achieved when B(R = Ro) - 0.85 T, placing the EC-layer at R - RO - -6 cm.
This is in spite of the fact that the current channel and the fast-electron channel
are located at larger major radii, in the range 0 < R - Ro < + 6 cm.
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Profiles of perpendicular hard X-ray emission as a function of major radius are
shown in Figure 4-39. The emission shown is integrated over the energy range of the
detector, approximately 20-500 keV. The profiles were obtained by moving a single
detector between reproducible discharges. For the ECCD plasma (represented by
the solid curves) about 32 kW of X-mode was launched with a = 0* from the high-
field side during the time 25 ms < t < 30 ms and Bt(R = RO) ~ 0.85 T. As can be
seen from Figure 4-39a through 4-39c, the profiles for the two cases are about the
same prior to EC-wave injection, indicating good discharge reproducibility. From
t = 15 ms to t = 24 ms, the emission profile evolves from very peaked and centered
near R - Ro= +6 cm to broader with a plateau-like maximum extending from
R ; RO to R - RO ; +5 cm. The apparent dip in emission at R - RO = 2 cm
at t = 24 ms may be caused by moderate irreproducibility of the in/out position
of the plasma at this time. Within 1 ms of the beginning of the EC-wave pulse,
the perpendicular hard X-ray emission collapses to about half the emission of the
OH discharges. As the ECCD progresses, the hard X-ray emission further decreases
until, at i = 29 ms, the emission integrated over major radius is less than 15% of the
OH case. Within 2 ms after termination of the EC pulse, the emission builds again,
centered near R - RO = 3.5 cm, while the OH discharges remain well-centered. This
dramatic drop in perpendicular hard X-ray emission during ECCD may be caused
by the drop in V, 00 to zero.
Data were also taken with the soft X-ray detector described in Chapter 2.
This is a silicon-lithium crystal detector sensitive to photons in the energy range
E < 30 keV. The detector has a beryllium window that filters out photons with
E < 1 keV. For the data presented here, photons with E < 2 keV were filtered
out to exclude noise and improve the recorded count rate at higher energies. The
detector views horizontally across the midplane. The soft X-rays were consistently
and strongly enhanced by EC-wave injection. The time dependence of this emission,
averaged over twenty-two discharges, is shown in Figure 4-40 for the cases with and
without ECCD. About 30 kW of X-mode was injected from the high-field side with
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a =0 during the period 24 ms< t < 32.5 ms. A fivefold enhancement of the
emission is observed due to the EC waves. The spectra for these OH and ECCD
discharges are shown in Figure 4-41. The emission is enhanced more at low energy
(3-10 keV) than at higher energy ( > 15 keV) by the EC waves, effectively cooling
the emission. The iron emission peak near E = 6.5 keV is relatively reduced by the
EC waves, but a nickel emission peak is produced near E = 8.2 keV.
Figure 4-42 shows the time dependence of the energy-integrated soft X-ray
emission for 0-mode injection from the high-field side at a = ±70' during the
period 25 ms< t < 33 ms. The emission is strongly enhanced over the ohmic value
for both launch angles, although not as strongly as for the a = 0* X-mode case. This
is primarily due to a dependence on a and the conditions of the target discharges
rather than on launched polarization, because 0-mode ECCD discharges with a =
0* showed enhancement similar to the X-mode case of Figure 4-41. The emission for
a = -70 during ECCD is somewhat stronger initially than for a = +70*, but near
the end of the EC-wave pulse, the a = +70' case has stronger emission. The energy
spectra for these two cases are shown in Figure 4-43. In both cases the spectra are
elevated above the OH target spectrum by about a factor of two-and-a-half. The
spectrum for a = +70' is slightly hotter than for a = -70". The spectra and time
traces were averaged over eleven discharges for each case.
4.3.2 Summary of Experimental Observations and Analysis
The experimentally observed features of ECCD on Versator can be summarized
as follows. Current drive is observed with an efficiency r < 0.003, which is 30%-40%
of the maximum achievable LHCD efficiency of Versator. Current drive is possible
only when (ne) < 5 x 1012 cM- 3 , with the efficiency falling very rapidly above
(ne) = 3 x 1012 cm- 3 . Maximum efficiency is achieved when the EC layer is located
near REC - RO = -6 cm (on the high-field side near r/a = 0.5), even though hard X-
ray and magnetic measurements indicate the fast-electron and current channels are
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located at R > RO. No current drive is observed when the EC layer is located on the
low-field side (R > Ro). No dependence on launch angle or launched polarization
is observed of any bulk plasma or current-drive parameters. Target discharges with
well-centered or inside equilibria yield better ECCD parameters than do target
discharges with outside equilibria. Soft X-ray emission in the range 2-20 keV is
strongly enhanced during ECCD, especially for a = 00. The emission in this energy
range is slightly hotter and occurs sooner in the EC pulse for a = +70* than for
a = -70', but otherwise no dependence on a is seen. For some discharges, the
perpendicular hard X-ray emission with E > 20 keV is dramatically reduced during
ECCD, but this effect may depend on toroidal field.
We now analyze the above experimental observations with the aim of discover-
ing the most likely mechanism(s) for ECCD on Versator. First, it may be concluded
that either single-pass absorption of the EC waves is weak, or absorption occurs in
a region of momentum-space where resonance curves for many different Nlj's con-
verge. This is because no dependence was found of current-drive parameters on the
launch angle or on the launched polarization. Weak single-pass absorption could
cause this by requiring many bounces off of the vacuum chamber walls for full
absorption, giving the waves the opportunity to isotropize. An exception is the
stronger enhancement of the soft X-rays for a = 00 than for a = ±700. This could
be due to better coupling and lower wall and port losses for a = 0".
Second, the rapid decrease in ECCD efficiency for (n,>3 x 1012 cm-3 to r = 0
at (ne) = 5 x 102 cm~3 suggests that low collisionality is necessary for ECCD
on Versator. Low collisionality prior to EC wave injection on Versator leads to the
formation of a "slideaway" electron population. This is a parallel tail in the electron
distribution function caused by the parallel electric field. Lower collisionality during
EC wave injection may improve ECCD by enhancing the bootstrap current.
Third, the EC waves heat many electrons into the energy range 2-20 keV from
lower energies. This is indicated by the strong increase in perpendicular X-ray
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emission in this energy range, as observed by the silicon-lithium detector. This
implies that strong heating is occuring along resonance contours that pass within
2 keV or so of the origin in "energy" space. The resonance curves for wee/w = 0.85,
1.0, and 1.15 with w = 27r x 28 GHz are shown in Figures 4-44 for various N11's.
These curves take on their irregular shape in the transformation from relativistic
momentum space to relativistic "energy" space. It can be seen from these figures
that resonance curves pass into the region E < 2 keV only for wc/w a 1, or with
w = 27r x 28 GHz, only for 0.98 < B < 1.02 T. In this case all the resonance curves
converge in this region, regardless of launch angle. Thus the electrons heated in
this way must be very near the EC layer. This conclusion is given quantitative
support by the output of the TORCH code [77]. This code computes the ray
trajectories and damping rates of EC waves in a Maxwellian plasma. Forthe case
of B(R = RO) = 0.85 T, T, = 2 keV throughout the plasma, a = 45*, and a density
at the EC-layer of 1 x 10" cm- 3 , TORCH predicts 100% single-pass absorption,
localized near the EC layer. Note that the predicted absorption by the low-density
tail is much greater than the estimated 23% single-pass absorption by the thermal
electrons. This may explain the observed importance of low density for successful
ECCD. Low density reduces the electron collisionality, allowing the formation of a
"slideaway" tail on the electron distribution function by the parallel electric field
prior to EC-wave injection.
The conclusions of the previous paragraph, together with the result that the
best ECCD is achieved when the EC layer is located near REC - R 0 - -6 cm,
indicates that the best ECCD is achieved under conditions in which electrons are
heated into the energy range 2-20 keV near R - Ro = -6 cm, on the high-field
side of the plasma. This may be related to trapped-electron effects. In the high-
field region of its orbit, an electron can be heated to arbitrarily high perpendicular
energy without becoming trapped. If this heating occurs in the low-field region
of its trajectory (the region R > Ro) however, the electron will become trapped
and will no longer carry current. Because the best ECCD efficiency is observed
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under conditions in which the heated electrons are not trapped, the Ohkawa current
(mechanism 5) is probably not responsible for much of the driven current, because it
depends on electron trapping. Thus mechanisms 4 and 7, or a combination thereof,
remain as the most likely ECCD mechanisms on Versator. These mechanisms are
the selective reduction in the collision frequency and the bootstrap current.
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CHAPTER 5
COMBINED ELECTRON CYCLOTRON HEATING
AND
LOWER HYBRID CURRENT DRIVE EXPERIMENTS
In this chapter the current-drive effects of simultaneously launching lower-
hybrid (LH) waves and electron cyclotron (EC) waves into the Versator plasma are
described. Several issues are highlighted by the experimental results and are exam-
ined, including the following: 1) the physical mechanisms of EC/LH transformerless
startup, and the differences, if any, between combined EC/LH current drive in these
plasmas versus those started by ohmic power. 2) the combined efficiency of current
drive by LH and EC waves and the extent of its agreement with simple theoretical
predictions based on velocity-space diffusion; 3) the extent to which the efficiency is
modified by fast-electron trapping and losses, by the anomalous Doppler instability,
and by other effects.
In the following sections, first the theory for combined LH/EC current drive
is reviewed for a plasma slab, analyzing the velocity-space quasilinear diffusion of
electrons by the waves. Data, are then presented and analyzed from transformerless-
startup discharges, and the results of EC-heating of these discharges are described.
Experiments are then described in which EC-waves are injected into high-density
LHCD discharges very similar to those of Chapter 3. Then the results of EC-
wave injection into medium and low density discharges are described, including
measurements of magnetic and electrostatic turbulence. The effects of electron
trapping and losses due to ECH-induced turbulence are discussed. The anomalous
Doppler instability (ADI) is then described, and the stabilizing effect of electron
cyclotron heating (ECH) on the ADI is demonstrated experimentally.
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5.1 THEORETICAL PRINCIPLE OF COMBINED EC/LH CURRENT
DRIVE
The theoretical basis for the effects of combined EC-wave heating and LHCD
can be described by returning to the Fokker-Planck equation, which describes the
velocity space diffusion of electrons by waves and collisions. This is given by Equa-
tion 21 and is rewritten here for convenience
afo afo = Ofo &foD. + .fo (56)
at ap at Collcol
The rf diffusion coefficient D DLH2I2;I + DEC&_L&, where DLH is the lower-
hybrid diffusion coefficient, and DEC is the electron-cyclotron diffusion coefficient.
DLH is the n = 0 term of Equation 22 and is given by Equation 25; DEC is the n = 1
term of Equation 22 and is given by Equation 53. The lower-hybrid waves diffuse
electrons in the v'1 -direction in velocity space via Landau resonance at vil = w/k 1 ,
and the electron-cyclotron waves diffuse electrons in the v1 -direction in velocity
space via cyclotron resonance at v1 = (w - wce)/k 1 . The last term on the right-
hand-side of Equation 56 is the relativistic collision operator for u > 1 and T, = Ti.
It is given by [105]
afo 
_ Y(Zeff +1) a . af o  2 a Y3 Ofo 2
--- -sm + +2fo(57)Or u3 sin 9 5 0 2 ;2 U Uacol 0 8 uOu.u
where 9 is the angle in velocity space from the positive vo axis. The current gener-
ated by the effect of the EC waves on this collision term is generally 10 to 100 times
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greater than by direct diffusion by the EC waves via the second term, as explained
in sections 1.3 and 4.3.
Based on Equation 56, it has been predicted [105,1061 that the current-drive
efficiency of combined ECH and LHCD can be greater than LHCD or ECCD effi-
ciency. The velocity-space diffusion associated with this "synergistic" current-drive
effect betweeen EC waves and LH waves is shown schematically in Figure 5-1. De-
pending on Nil and w,, /w, the EC waves may heat the low-vll end or the high-vl1 end
of the LHCD tail, as shown. The magnitude of the increased current-drive efficiency
predicted for combined ECH/LHCD is dependent on the parallel resonant velocity
of the EC-heated electrons. For EC resonance toward the high-ovi end of the LHCD
tail, the effect of the EC waves is mainly to increase the population and decrease
the average collisionality of electrons at high vl1 by increasing T1 . Decreasing the
average collisionality increases the theoretical current-drive efficiency, because the
electrons then retain their parallel momentum longer.
For EC resonance toward the low-v11 end of the LHCD tail, the population
of electrons that are accelerated by the LH waves is increased and the average
collisionality of this population is decreased, increasing the theoretical current-drive
efficiency.
Because higher-velocity tail electrons retain their parallel momentum longer,
the steady-state tail population and current-drive efficiency are greater for EC heat-
ing of the high-ql end of the LHCD tail than for EC heating of the low-vi1 end. This
is shown in Figure 5-2, which shows distribution functions computed in reference
[105]. The distribution functions are plotted on a logarithmic scale and flipped
about the horizontal axis. Figure 5-2a shows EC heating of the low-vjj end of the
LH tail and Figure 5-2b shows EC heating of the Maxwellian plasma without LHCD.
The incremental current-drive efficiency of the EC waves is more than three times
greater for the LHCD target plasma versus the Maxwellian, even though the EC
resonant velocity and EC power dissipated is nearly the same for both cases. This
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is because the average parallel velocity of the current-carrying electrons is greater
(leading to greater current), and the average total velocity of the current-carrying
electrons is greater (leading to lower dissipated LH power per electron). For the
computations shown, the dissipated LH power was held fixed, so the LH waves were
able to drive more current at the same power level due to the reduced collisionality
of the tail electrons heated by the EC waves.
Figure 5-2c shows EC heating of the high-vl end of the LH tail. The efficiency
for this case is 1.7 times greater than for EC heating of the low-vil end of the LHCD
tail, 1.4 times the efficiency of the LH waves alone, and more than five times greater
than for ECCD of the Maxwellian. The high efficiency is due to the high velocity of
the new current-carrying electrons. The combination of EC heating and pitch-angle
scattering off of ions increases the distribution function at parallel velocities greater
than the maximum resonant velocity of the LH waves.
Thus, based on the theory of quasilinear diffusion of electrons in velocity space,
a current-drive synergism is expected betweeen LH and EC waves. The remainder of
this chapter is devoted to describing and interpreting experiments on the Versator-II
tokamak designed to test this synergism.
5.2 ELECTRON CYCLOTRON HEATING OF TRANSFORMERLESS
STARTUP DISCHARGES
Experiments are now described in which the tokamak plasma is formed without
the use of the ohmic-heating transformer. These plasmas are similar to those of the
combined LHCD/ECH experiments reported most extensively in the literature, per-
fomed by the WT-2 and JIPPT-IIU groups in Japan [37, 107]. These experiments
were described briefly in Chapter 1.
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Figure 5-3 Transformerless startup with and without second EC pulse.
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The time evolution of a transformerless startup discharge on Versator is shown
in Figure 5-3. The ohmic heating coil was open circuited for the entire run. The
plasma was preionized by a 50 kW 5 ms pulse of EC waves launched from the
high-field side in the 0-mode polarization with a = 0*. An initial plasma current
of I, ;< IkA was formed as described in section 4.1. A 40 kW, 21 ms LH pulse
was injected 1 ms after the beginning of the ECH pulse, and the vertical field was
ramped up at t = 5.5 ms very near the end of the preionizing ECH pulse. The
combination of the LHCD and the small loop voltage generated by the ramping
vertical field accelerated the electron tail of the preionized plasma, and the plasma
current ramped up steadily. A minimum of about 20 kW of LH waves and a ramp-
rate 0.25 < dBv/dt < 0.75 T/s were both found to be necessary for successful
transformerless startup on Versator.
Without the application of a second ECRH pulse, Ip ramped up steadily at
0.4 kA/ms before abruptly terminating at t ~ 16 ms. This termination occured
before the end of the LHCD pulse, and it was unpreventable, even though a wide
range of vertical field timings and ramp rates, gas puff settings, and LH-wave phas-
ings and power levels were tried. It is similar in some respects (e.g., the behavior
of the plasma. current and the in/out position of the current channel) to the ter-
mination of a normal ohmic or LHCD discharge on Versator after power input to
the plasma has been shut off, resulting in radiative collapse. This suggests that the
fast electron tail for these LHCD startup discharges is poorly confined and poorly
coupled to the thermal electron population. The confinement time of the LHCD tail
as previously measured on 15-20 kA Versator discharges is 0.5-1.5 ms [58], and the
confinement time with I, = 3 - 4 kA is expected to be shorter. By comparison, the
collision time for a fast electron with the bulk is ret = (1/v-)g /Vfe ~ 7.5 ms
for a 10 keV electron and 84 ms for a 50 keV electron for these discharges with
(ne) = 2 x 10" cm-3 . Thus the vast majority of superthermal electrons in this
energy range are lost before transfering their energy to the thermal electrons. This
problem of early discharge termination was much worse prior to the Spring 1991
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rebuild of the tokamak, in which the alignment of the toroidal field coils was im-
proved. Presumably the reduction of error fields is responsible for the improved
performance. This problem has not been reported by others who have performed
similar experiments (with or without a second ECH pulse) on larger tokamaks with
better electron confinement [37, 48, 107].
The loop voltage drops to -0.12 V during the middle of the preionization phase,
in which dI,/dt > 0 and dBv/dt = 0, then jumps up to +0.35 V when the vertical
field is ramped up. This jump is caused by the changing vertical flux from dB/dt
linked by the plasma: l B, = -7r (R 2 - R't) dBv/dt, where Rat - 0.25 m is the
major radius of the anti-transformer coils, which are connected in series with the
vertical field coils. The toroidal magnetic field at R = Ro is nearly constant at
0.95 T during the discharge, so that the cyclotron resonance layer for 28 GHz is at
R - RO = 0.385 m. The 70 GHz plasma emission polarized perpendicular to BO, as
viewed horizontally from the outer midplane, rises steadily from t - 6.5 ms (1 ms
after Vloo, jumps positive) until plasma termination.
When a second ECH pulse of equal power and pulse length to the first is
launched at t = 9 ms, the plasma current rampup rate doubles to 0.8 kA/ms, the
loop voltage drops, and the discharge is extended in time. After the second ECH
pulse, V 1,, climbs again to about 0.25 V then rises rapidly near the end of the
discharge. The electron density at R = RO climbs abruptly from 2 x 10" cm-
to 3 x 1012 cm 3 simultaneously with the rise in dIp/dt. Both the loop voltage
and the EC waves appear to affect the 70 GHz emission. The 70 GHz emission
apparently is emitted by electrons that are accelerated by the parallel electric field
and then pitch-angle scattered, and by electrons heated by the EC waves. Note
that no significant 70 GHz emission is observed during the EC-wave and LH-wave
injection prior to the creation of a positive loop voltage by the ramping vertical
field. The perpendicular 70 GHz emission begins to ramp up 1-2 ms after the turn-
on of the positive Voo,, which is comparable to the pitch-angle scattering time in
these discharges of an electron with Ell 3.5 keV.
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Although the current-drive efficiency is strongly enhanced by the second ECH
pulse, the current would have to flattop at I, = 74 kA at ne = 3 x 10" cm- 3 with the
given total rf power of 90 kW to attain the same overall current-drive efficiency as
achievable during conventional LHCD discharges on Versator. Because the plasma
current reaches only 10% of this value these discharges do not demonstrate an
EC/LH current-drive synergism.
The equilibrium quantities q, , + £i/2, and the in/out position of the current
channel are shown in Figures 5-4 and 5-5 for the cases of without and with the
second ECRH pulse, respectively. For the case of no second ECRH pulse, the plasma
current channel forms and moves to a position near R - RO = 4 cm by the time 4,
has risen to 1.5 kA. It moves outward slowly until t = 12.5 ms, then moves sharply
inward to R = RO as the density rises abruptly. During this period, q.(r = 13 cm)
falls steadily from 175 to 50, and (r = 8 cm) correspondingly falls from 108 to 31,
where q(r = 8 cm) is calculated assuming all the plasma current is located within
r = 8 cm. This radius appears from hard X-ray data to be the effective edge of
the superthermal current channel. During the slowly-outward-moving period from
t = 8 ms to 14 ms, Op + f/2 steadily increases from 4 to 4.8, then drops suddenly
at t = 14 cm during the abrupt inward motion of the current-channel just prior to
termination of the discharge.
When a second ECR.H pulse is injected from t = 9 ms to t = 14 ms, the plasma
is forced inward and Op + e,/2 is reduced from 3 to 1.6. After turn-off of the ECRH,
Op + Qi/2 holds nearly steady at 1.6-1.8 until termination of the discharge.
Vertically-line-averaged density profiles are shown for a sequence of times in
Figure 5-6 for the cases with and without the second ECRH pulse. A series of highly
similar discharges was taken for each case, and the profiles were obtained by moving
the remote-controlled movable interferometer horns between shots. The profile at
t = 3 ms (during preionization) is peaked way to the outside at R - Rfo ; 9 cm
at the relatively high value of 6 x 1012 cm-3. The density is essentially zero for
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R - RO < -3 cm and increases almost linearly from R - Ro = -3 cm to +9 cm
before falling to about 4 x 10" cm- 3 at R - RO = +12 cm. Recall that the EC-layer
is at R - Ro = -2 cm. This profile is typical for preionization plasmas on Versator
in which the plasma current is insufficient to close the flux surfaces over most of
the plasma cross-section. The plasma forms in the region between the cyclotron
layer and the upper-hybrid layer and drifts outward in R at the reduced E x B
drift velocity, as discussed in section 4.1. The density profile severely collapses soon
after the LH waves are injected, as is shown in frame 2 of Figure 5-6, which shows
the density profile at t = 6 ms. Under the influence of the LH waves and the small
loop voltage, the density profile rebuilds, and it is considerably broader and more
centered in the vacuum chamber at t = 8.5 ins, peaked at R - Ro = +4 cm (agreeing
with the in/out measurement of the position of the current channel shown in Figure
5-4). The second ECH pulse is injected during the time 9 ms < t < 14 ms. During
the period 9 ms < t < 12.5 ins, the profile for the case without the second pulse
changes little, moving slightly toward the outside. However, the profile for the case
with the second ECH pulse builds and becomes more centered, with (ne)peak
3.4 x 10"2 cm 3 at R - Ro = 2 cm. After t = 12.5 ins, the discharge without the
second pulse shifts rapidly toward smaller R and climbs in density prior to discharge
termination, whereas the profile for the shot with the second pulse remains steady.
Thus at t = 15 ms the density profiles for the two cases are similar.
Profiles of the hard X-rays emitted in the range 30 keV < El < 500 keV for the
two cases at times throughout the discharges are shown in Figure 5-7. Emission
is first observed at R - Ro = +8 cm at a low level during the early period after
shut-off of the preionizing ECH pulse at t = 6 ms. For the case without the second
ECH pulse, the emission at this radius grows until t p 12 ms, when the plasma
begins its sudden inward motion. The emission at R - Ro = +4 cm grows first,
then the emission at R - RO = 0 cm and R - Ro = -4 cm grows rapidly to a
much higher value during the 4 ms prior to discharge termination. Note that the
scales change considerably from frames 2 to 3, 3 to 4, and 4 to 5 in Figure 5-7.
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These hard X-ray profiles suggest that the fast electrons are first confined far to
the outside near R = Ro = +8 cm, where they form the current channel. This
is also where the density profile is peaked at t = 6 ms, indicating that closed flux
surfaces first form in this region. As the plasma current rises, #, + fi/2 gradually
increases and the plasma remains to the far outside, suggesting that the plasma
pressure is building as well. This correlates with the idea that the fast electron
population is growing about R - Ro = +8 cm. At t = 12.5 ms, the fast-electron
population begins a rapid shift toward the inside, together with a rapid growth
in the magnitude of the emission. By t = 15 ms, the emission is very strong,
and is localized to R - Ro < 0, just prior to termination of the plasma current.
Interestingly, the emission at R - Ro = -8 cm grows again at t = 18 ms, implying
that a small population of superthermal electrons is confined even when I, is very
small.
The fast electron channel is well-centered and symmetric about R = Ro as a
result of the second ECH pulse, as can be seen from frames 4 and 5 of Figure 5-7.
5.3 ECH OF HIGH-DENSITY LHCD DISCHARGES
Figure 5-8 shows the time history of a typical high-density LHCD discharge
on Versator, with and without EC-heating of the fast electron tail. The LHCD
target discharges are very similar to those described in Chapter 3. They are started
by full ohmic drive, in contrast to those of the previous section, and 40 kW of
LH waves is subsequently injected with f = 2.45 GHz and A0 = r/2 at t =12.5
ms. This drives the loop voltage from about 1 V down to 0.2 V, and the plasma
current is maintained approximately constant until turn-off of the LH power at
t = 35 ms. The electron density at R = Ro rises to (ne) ~ 1.2 x 101 cm- 3 during
the initial ohmic phase, then drops sharply to (ne) = 8 x 1012 cMi 3 upon injection
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of the LH waves. The density subsequently remains flat or slightly increases with
time during the LH pulse. Without the injection of EC waves, the loop voltage
decreases steadily from 0.2 V to 0.075 V during the LH pulse as the ohmic input
power decreases. When EC waves are injected during the period 14-24 ms, the
plasma current is slightly enhanced, and V., drops from 1.75 V to 1.50 V. This
14% drop is followed by an abrupt rise to 0.2 V upon termination of the EC pulse.
The 70 GHz cyclotron emission turns on during the ohmic startup phase, and rises
rapidly by an order of magnitude upon injection of the LH waves. When EC waves
are injected from t =14 ms to 24 ms, the 70 GHz emission is further enhanced by
15% over the emission for LH alone. When the EC pulse is delayed 5 ms to 19-
29 ins, no enhancement in I,, drop in V,,p1 , or enhancement of the 70 GHz emission
are observed. This figure shows that injection of EC waves from 14 ms to 24 ms
into high-density LHCD discharges has a small beneficial effect.
The equilibrium quantities for discharges with and without EC-wave injection
are shown in Figures 5-9 and 5-10, respectively. These figures show that the plasmas
are well-centered, with q, - 13 and 0.5 < Op + fi/2 < 1.0 during the LH pulse,
and that the EC waves have very little, if any, effect on the plasma equilibrium
quantities. Similarly, the EC waves appear to have little effect on the bulk electron
density profile, as shown in Figure 5-11. This figure shows the line-averaged electron
density as a function of R - RO for t =18 ms, 23 ms, 28 ms, and 33 mis for the cases
of LH alone, LH+EC from 14-24 ms, and LH+EC from 19-29 ms. The EC waves
are launched from the high-field side in the X-mode polarization with various launch
angles relative to the static magnetic field, primarily with a = 0' or a = -20'. The
variation in plasma parameters due to changes in the launch angle was found to be
no greater than the random variation from shot to shot. The data indicate that the
injection of the EC waves does not significantly alter the density profile at any of
the times shown, except perhaps the apparent broadening toward the outside of the
discharges with EC waves launched between 19 and 29 ms. All the profiles show a
slight broadening with time from t = 18 ms to 28 ms.
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The plasma hard X-ray emission is strongly enhanced by the EC waves launched
from t = 14 ms to 24 ins, as shown in Figure 5-12 and 5-13. Figure 5-12 shows the
time evolution of the hard X-ray emission at seven major radii for the shots with LH
alone. Note that these discharges are similar in most respects to those of Chapter
3. The emission rises rapidly from small values when the LH turns on, peaking
midway through the LH pulse. The emission is centered about R = Ro, except for
the anomalous emission peak near R - RO = -8 cm as described in Chapter 3. Note
that emission at all radii other than R - RO = -8 cm rise when the LH shuts off
and a large loop voltage returns.
When EC waves are injected, the emission at R = Ro is double the value
at t = 19 ms without ECH, and gradually decreases during the EC pulse. This
suggests that the superthermal electrons are heated less effectively later in the EC
pulse when the toroidal magnetic field is lower. The emission drops dramatically
upon shutoff of the EC power. Figure 5-14 shows the time evolution of the hard X-
rays for the case of EC-waves launched 19-29 ins. In contrast to the earlier launch,
for this case the hard X-rays are only enhanced near the beginning of the pulse
19 ms< t <22 ms, and they are supressed somewhat during the remainder of the
EC pulse, especially at R = RO and R - RO = -8 cm. A plot of the location of the
EC-resonance layer as a function of time for these discharges is shown in Figure 5-
15. Note that the EC-heating zone for electrons with high v11 is closer to the plasma
center during the early part of the discharge for most possible launch angles.
Radial profiles of the hard X-ray emission and temperature are shown in Figures
5-16 and 5-17. These data were averaged over the EC pulse. Virtually no effect
on the averaged profiles is observed for the 19-29 ms EC pulse, but strong central
enhancement of the emission is caused by the 14-24 ms EC pulse. This implies
strong central heating of electrons in the energy range of ~20-30 keV by the EC
waves.
The magnetic fluctuations for these discharges are reduced by the LHCD and
enhanced by the ECH, as shown in Figure 5-18. The edge electrostatic fluctuations
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are at most slightly affected by the LH and EC waves, as shown in Figure 5-19.
The magnitude of the enhancement of the magnetic fluctuations by the EC waves
is greater during lower-density discharges, such as were shown in Section 4.2. These
magnetic fluctuations may decrease the current drive efficiency by inducing fast
electron losses, as will be described in more detail in the following section.
5.4 ECRH OF MEDIUM- AND LOW-DENSITY LHCD DISCHARGES
5.4.1 Experimental Results
The data of the previous section showed that a small increase in the plasma
current and decrease in the loop voltage is achieved when EC waves are injected
into LHCD plasmas with (ne) = 8 x 10" cm-'at R = R0 , and strong heating of
the superthermal electrons is observed. In this section, observations on ECRH of
LHCD discharges in the range (ne) = 2 - 6 x 1012 cm-3 are reported. The most
important effect of lowering the density in this situation is to lower the Dreicer
electric field. The Dreicer field is given by ED = 47rne e3 In A/2Te, where In A ~ 15 is
the Coulomb logarithm. This is the electric field strength along the static magnetic
field for which an electron traveling at the thermal speed will run away, i.e., the
acceleration of the electron due to the electric field is greater than the drag on it due
to collisions. As the density is lowered on Versator from the high- to the mid- and
low-1012 cm- 3 range, the population of electrons accelerated by the loop voltage to
parallel velocities much greater than the thermal velocity increases exponentially. At
the lower densities these electrons carry a significant portion of the plasma current.
When LH waves are injected into the lower-density plasmas, the resulting parallel
electron tail is hotter and extends to higher energy than in the higher-density case.
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This causes the anomalous Doppler instability to become intense, degrading the
plasma current and causing large spikes on the loop voltage and limiter hard X-
ray signal. Also, at low density the superthermal tail absorbs the EC waves more
effectively and the tail is more subject to radial losses caused by magnetic turbulence
(because the tail extends to higher vI1 and the magnetic turbulence is stronger).
Figure 5-20 shows the time history of the major plasma parameters for dis-
charges with and without ECH with (ne) = 5.5 x 1012 cm 3 at R = Ro. Ap-
proximately 32 kW of EC waves is injected in mostly 0-mode polarization from
the high-magnetic-field side with a = +20*. As with the majority of experimen-
tal runs, the behavior was generally independent of launch angle and polarization,
within shot-to-shot variation, except possibly for large angles al > 60*. The 0-
mode polarization was used because more power can be transmitted to the antenna
this way. 32 kW of LH waves is injected starting at t = 14 ms, and the plasma
current begins to flattop at 15 kA. At t = 17.5 ms the anomalous Doppler instability
(ADI) turns on, as evidenced by the large spikes in V,p. This was accompanied by
an abrupt drop in dI/dt from zero to -5 kA/ms. Without injection of EC waves,
dI/dt remained at this value until the LH waves are shut off at t = 31.5 ms. The
average loop voltage during this phase is zero or slightly negative due to the LHCD
and the decaying vertical magnetic field.
When EC-waves are injected from t = 20 to 25 ms, the plasma current begins
to decay slightly faster at about dI,/dt = -5.75 kA/ms, the average value of Vl,,
increases, and the oscillations on V1 ,0 decrease in amplitude. The 70 GHz emission,
which becomes intense early in the LH pulse, is unaffected by the EC waves, except
that oscillations on it associated with the ADI are supressed during the EC pulse,
and then return 1-2 ms afterwards. The toroidal field decays gradually during the
shot and is 0.9 T during the EC pulse, putting the cyclotron layer at R - RO =
-4 cm. This field is lower than for the discharges of Section 5.3. Similar results
were obtained at this density with Bt(R = Ro) = 1.2 T, except that the increase in
limiter hard X-ray signal was smaller. The limiter hard X-ray emission (>100 keV),
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which was very quiet during the high-density discharges of section 5.3, contains
oscillations from the ADI in the case of LH alone. In the case with EC injection, the
amplitude of the oscillations is reduced somewhat in the first half of the EC pulse,
but the DC level of the emission rises substantially. This indicates a substantial
increase in the steady loss rate of fast electrons during EC wave injection. The
waveforms on the 70 GHz and limiter HXR emissions during times prior to t = 15 ms
are due to pickup from the ohmic system and can be disregarded. The plasma
equilibrium quantities for these discharges are shown in Figures 5-21 and 5-22.
These equilibrium quantities were affected little by the EC pulse.
Three of the parameters relating to electron confinement are plotted in Figure
5-23 as a function of dIp/dt for a series of shots during this run. The average limiter
hard X-ray emission for 20 ms< t < 25 ms is plotted versus dI,/dt. This flux is
proportional to the energy-integrated flux of high-energy electrons (E Z 100 keV)
bombarding the limiter. Because the electrons follow the magnetic flux surfaces to
a good approximation, most of the fast electrons that are lost strike the limiter, and
emit bremstrahlung. Thus the limiter hard X-ray flux is a good diagnostic of the fast
electron loss rate. In Figure 5-23, it can be seen that as dIp/dt decreases with EC
wave injection, the limiter hard X-ray flux increases. This suggests that the decrease
in current is caused by ECH-enhanced losses of the high-energy current-carrying
electrons. The percent change in the bulk electron density and the H, emission
is also shown as a function of dIp/dt. These parameters are roughly independent
of dIp/dt and the presence of EC waves, indicating that for these discharges, the
EC waves do not significantly enhance or degrade the confinement of the thermal
electron population. Also, this confinement is not correlated with dI,/dt, implying
that the thermal electrons are not the primary current carriers in this case.
Time traces of the soft X-ray emission for LHCD discharges with (ne) = 4 x
1012 cm-and AO = 180* are shown in Figure 5-24 with and without ECH. The
LH waves were injected with AO = 180* to avoid strong excitation of the ADI. The
emission increases about 15% during ECH. This is a much weaker enhancement
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than was observed for the ECCD discharges of Chapter 4, indicating that the LH
waves produce a significant fraction of the X-rays.
Magnetic fluctuations for medium density 20 kA LHCD discharges with and
without EC wave injection are shown in Figures 5-25 and 5-26, respectively. Mag-
netic fluctuations for a 30 kA OH-sustained discharge are shown in Figure 5-27. The
signal in Figure 5-27 has been scaled by two-thirds to account for the difference in I,.
It is clear from Figure 5-25 that LHCD reduces the fluctuations and ECH enhances
them. The ECH enhancement is stronger than in the high-density discharges of the
previous section. These magnetic fluctuations may cause the observed increased
fast electron losses during ECH on Versator.
The fast electron losses and current suppression by ECH are even more severe
at low density. In this case, a very hot, high-energy parallel electron tail is created
by the loop voltage and LH waves. It is difficult to control the ADI with AO = 90* at
this density. A series of low-density LHCD discharges with (ne) ; 2 x 10" Cm-3 and
Ao = 900 are shown in Figure 5-28. This figure shows the plasma current, loop
voltage, 70 GHz emission, and line-averaged density at R = Ro versus time for the
following four cases: 1) short LH alone, 2) long LH plus ECH, 3) short LH plus
ECH, and 4) long LH alone. The long and short LH pulses and the ECH pulse
are shown together with the plasma current. Comparing cases 2 (long LH alone)
and 4 (long LH pluse ECH), a strong degradation in the driven current can be seen
when the EC waves are combined with the LHCD. This is accompanied by a drop
in the 70 GHz emission upon EC wave injection, an indication of a reduction in
the superthermal electron population. The large features on the 70 GHz emission
before t = 12 ms are pickup from the OH system and should be ignored. For case
#4 the density behaves similarly to ECCD discharges of section 4.3: the density
rapidly decreases in the first 1-3 ms of the ECH pulse, then steadily increases. Case
#3, in which EC waves are injected after a short LHCD pulse, shows considerably
more driven current (I, is higher and Vl,, is lower) than either case #1 (short LH
alone) or case #2 (long LH plus ECH).
178
- - - - -- -- - -
-
00
0
01)
CC
L179
MAGNETIC FLUCTUATIONS FOR EC-HEATED LHCP DISCHARCE
lee
59
-Se
5 18 15 28 25 38 35
time (ns)
Figure 5-25
MACNETIC FLUCTUATIONS FOR LHCD DISCHARCE UITHOUT EC
lee
-58
-108
5 18 15 28 25 38 35
time (as)
Figure 5-26
MAGNETIC FLUCTUATIONS FOR 0N DISCHARGE
8
-58
-lee
5 1 15 20 25 38 35
time (ms)
Figure 5-27
180
* --- ~
~ -.
- Ni
(A) ;&)IOA docr-I
0 'r~C0 V') 0
0
0
0
U
2
o
0
-4
0
0
IF)
0
0
0
Cl
0
-4
-Jo
0
I,)
0
0
0Cl
0
Cl 0
0
.I I~
j)r3
0
0
0
-. Cl
0
-4
0
-4 ~J~I 0 ~ ~
6 6
('fly) UOfSS!W~ Z~9 OL
181
I
//
-- 4
~ (~r) I
-4)
C-
EE
/ ,-
~,v ~'
/ -~
KU
I"
.-Ji
I I
I I
4, 1
I I
(") iuoijnD MsUld
I I
0
I II~
0i 0 tn t'n vI ~ 99
0 0 0 0
-n-v) xn--4 dwu1x CThVH Eimwln Qnflv) Xfl1A AV-H-X CflIVH 191HAIFJ
182
0 0
_________________ (
C'J ~1-
)
I,
I I
I-.
0
0
I-
cJ
In
C)
t~~\ -
0
C1LL~ '-
~
C)
C)
bC
'-4
Figure 5-29 shows the limiter hard X-ray flux for the four cases. Note that the
steady flux during the ECH pulse of case #2 is considerably higher than the others,
indicating that the loss rate of electrons with E > 100 keV is strongly enhanced
during combined ECH and LHCD at low density.
5.4.2 Analysis of Efficiency Degradation
Trapping and losses of the current-carrying electrons decrease the current-drive
efficiency. Trapping has usually been neglected in past theoretical treatments of
combined LHCD/ECH because it is assumed that the absorbing electrons have
v11 > vi. To test this assumption, the ORBIT code was used to follow the orbits of
EC-heated fast electrons on Versator [80]. A typical high-energy current-carrying
electron in a Versator LHCD discharge has El - 50 keV and E1 < Eli. Figure
5-30 shows the evolution of the orbit of an electron with initial energy of 50 keV
and pitch=0.1 (from the LHCD) that is subsequently heated by the EC waves. It
is assumed that EC waves with all possible Nil's are present in the region toroidally
near the antenna, so that the electron is given a 50 keV "kick" in perpendicular
energy at each toroidal pass, regardless of its velocity. The initial parallel velocity
of the electron is opposite to the plasma current, so that it adds to the current.
The initial location of the electron is at R - Ro = +9.5 cm and Z = 0, far from the
magnetic axis so as to maximize trapping effects. The drift orbit of the circulating
electron is shifted toward larger major radius upon each heating event, until it is
heated from 200 keV to 250 keV on the outer (high-R) part of its orbit and becomes
trapped. For current-contributing electrons, the trapped "banana" orbits form on
the inside of the circulating orbits, so trapping does not cause the immediate loss
of the electron.
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Figure 5-30
Orbits for 50keV electron born at R=0.50n,
Z=0m. with pitch=0.1 and v1>0 and then heated
perpendicularly by 50keV at each toroidal pass.
Electron is current-contributing, then becomes
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Figure 5-31
Orbits for 50keV electron born at R=0.50m,
Z=0m with pitch=0.1 and v 0<0 and then heated
perpendicularly by 50keV at each toroidal pass.
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If vil is reversed, the situation is as shown in Figure 5-31. The circulating orbits
migrate toward smaller major radii as the electron is heated. When the electron
is heated from 150 keV to 200 keV, it becomes trapped and is immediately lost.
For such electrons with vil in the same direction as I (so as to subtract from the
plasma current) the banana orbits form on the outside of the circulating orbits.
Hence electron trapping can cause immediate loss of reverse-current electrons. The
examples shown are extreme, because the electron starts near the edge and is heated
very rapidly. Also, the migration of the circulating orbits is dependent on at least
partial symmetry of the poloidal locations of the heating events, and these locations
depend on q and the initial electron position. Hence such rapid, unidirectional
migration of the circulating orbits does not occur in most cases. Also, even at the
large minor radius chosen, the electron must be heated to 4-5 times its initial parallel
energy to be trapped. Finally, only the reverse-current electrons can be promptly
lost, by trapping. Thus it appears unlikely that trapping or trapping-induced losses
can significantly reduce the current-drive efficiency of EC heated LHCD discharges
on Versator.
On the other hand, enhanced magnetic turbulence caused by EC heating could
significantly degrade the current-drive efficiency of EC-heated LHCD discharges on
Versator. The coefficient for diffusion of electrons by magnetic turbulence, given by
Equation 49. is D = vprqRo((br/Bo)2). It was shown in section 4.2 that at den-
sities of (ne) ~~ 2 x 1012 cmn3 , the EC-induced magnetic turbulence was typically
((br/Bo) 2 ) ~ 2 x 10-9 in the outer-third of the plasma column. For fluctuations
with poloidal mode number m = 15, this was shown to give a confinement time of
roughly 0.25 ms for electrons with Ell = 80 keV, whereas the confinement time for
superthermal electrons during LHCD on Versator is 0.5-1.5 ms [58]. Thus confine-
ment of superthermal current-carrying electrons in the outer-third of the plasma
column is theoretically predicted to be degraded by m = 15 EC-induced magnetic
turbulence at the levels observed on Versator, and confinement in the intermediate-
third could be degraded as well. Also, because the spatial diffusion coefficient is
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proportional to vil, the confinement time is inversely proportional to vil. Thus at
low densities, when the Dreicer field is low and the population of superthermal
electrons during LHCD is large and extends to high energy (~ 300 keV), these
fast current-carrying electrons are expected to be rapidly lost due to EC-induced
magnetic turbulence. This is compounded by the fact that the observed fluctuation
levels are higher at lower density. At the higher densities of section 5.3, the current
carried by electrons with ElI > 100 keV is much smaller. Hence the degradation in
Ip due to magnetic turbulence is predicted to be much smaller, and the observed
limiter X-ray flux with E > 100 keV is greatly reduced.
5.5 THE ANOMALOUS DOPPLER INSTABILITY
The anomalous Doppler instability (ADI) has been observed in tokamaks since
early experiments were performed [108]. It is sometimes refered to as the Parail-
Pogutse instability after those who first described it theoretically [109, 110]. The
ADI is driven by the free energy present in an anisotropic electron distribution
function. In a tokamak, the instability is caused by the formation of a high-energy
tail in the electron distribution function in the parallel direction, caused typically
by a DC electric field or by LHCD [1111, or a combination thereof. A qualitative
picture of f, before and after the onset of the instability is shown in Figure 5-
32. The ADI near-elastically diffuses electrons along near-constant energy contours
toward higher vi and lower vll. After this diffusion, fe is subject to the "bump-on-
tail" instability (driven by vdf/dv > 0), which modifies f, toward the state shown
in Figure 5-31. Thus the interplay between these two instabilities tends to restrict
the parallel tail and restore isotropy to fe. The theory of the ADI is described in
Appendix F, where it is shown that the threshold for instability is given by:
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v6 > 3 3/2r (58)
Wpe
where vb = eEot/m is the beam velocity. Note vb oc B3/2/ 4 , so that Equation 58
implies that it is harder to excite the ADI in regions of high magnetic field and, to
a much weaker degree, high density. Thus the ADI is more stable when the plasma
is located towards the inside of the vacuum chamber (R < Ro), where Wce is largest.
Under certain conditions, strong stabilization of the ADI by ECH was observed
on Versator, as shown in Figure 5-33. These discharges are started by moderate
ohmic heating power, which brings the plasma current rapidly up to 8 kA. The ver-
tical equilibrium field coil is fired at about t = 6.5 ms, which induces an additional
loop voltage, causing the plasma current to rise to 9 kA. At t = 9 ms, 45 kW of
lower-hybrid waves are injected for 21 ins, causing the plasma current to rise to
14 kA and Vop to drop rapidly. At t = 12.5 ms, the onset of the ADI is evident
for both discharges in Figure 5-33. For the discharge without ECH, the instability
quickly reaches a large, steady-state amplitude with the spikes in Vl, occuring
every 0.6 ms or so with an amplitude of 0.3 V. This is accompanied by a rapid step-
like decline in the plasma current from 14 kA to 7 kA in a period of 12 ms, followed
by collapse of the discharge at t = 25 ms. The line-averaged electron density peaks
at 9 x 1012 cm- 3 during the peak in OH power input at t P 6 ins, then falls rapidly
to about 4 x 1012 cm- 3 . This fall is arrested by the lower-hybrid waves at t = 9 ms
and the density rises to 5 x 1012 cM-3. The density then begins to fall again, and
at t = 12.5 ms, it has fallen to 4 x 1012 cm-3, at which point the ADI turns on.
As the ADI quickly reaches a large steady state amplitude, the density maintains a
steady rate of fall, accompanied by bursts that are in phase with bursts in V'OO,.
For the EC-heated discharge, 40 kW at 28 GHz is radiated into the plasma
during the time 13.5 ms< t <21.5 ms from the high-field side with primarily 0-
mode polarization and a launch angle of +60'. As is clear from Figure 5-33, the
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I
injected EC waves strongly stabilize the anomalous Doppler instability. Upon EC
wave injection, the decay in Ip is arrested and I, ramps up to 15 kA. The spikes
in Vloop, limiter hard X-rays, and (ne) are immediately supressed, and no evidence
remains of the ADI. The loop voltage drops rapidly to zero (within 2 ms) and
remains zero throughout the ECH pulse. The central electron density rises from
3.5 x 1012 cM- 3 to 5.5 x 1012 cm-3 during the first 2 ms of the ECH pulse and
remains at that value for the duration of the ECH pulse. As is shown in Figure 5-34,
the density profile significantly broadens during this time, with the largest density
increases (as a percentage of initial density) at R - Ro = ±8 cm. The density signal
at R - RO = -8 cm may not be accurate, due to possible "fringe skipping" by the
interferometer. As can be seen from Figure 5-34. the ADI remains stable for about
3-4 ms after ECH turnoff. During this time, the density is steadily falling, and equals
4 x 10" when the ADI turns on again and I4 starts rapidly falling. The current
drive figure of merit for the stabilized discharges is 7 = (nl)IpRo/Pf = 0.008 when
only the lower-hybrid wave power is included in the calculation and 0.004 when both
LH and EC wave power is included. Thus for these discharges, the ECH stabilizes
the ADI but does not enhance the overall current-drive efficiency beyond 17 = 0.01,
which is the typical best value achievable on Versator-II. This is shown in Figure 5-
35, where the shaded region indicates the best 7's typically achieved on Versator. It
is shown that the the efficiency of ADI-stabilized discharges is weakly dependent on
launch angle, with better efficiencies achieved at launch angles far from normal to
B, especially in the direction of I, (negative launch angles in Figure 5-35). Similar
dependence on launch angle is observed for the density rise during ECH, with the
highest rises in central (ne) (~ 5 x 10" cm- 3 ) occuring at a = -70*.
Data from the radial HXR detector array is shown in Figures 5-36, 5-37, and
5-38. For discharges with ECH, the hard X-ray intensity is seen to peak sharply at
R = RO, and a bit less sharply after the bulk electron density profile is divided out.
The profile is asymmetric, with emission at R - RO = +4 cm double that at -4 cm
but emission at +8 cm about ten times smaller than at -8 cm. The hard X-ray
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temperature profile is asymmetric, being hotter toward the inside (R < Ro). The
temperature is hottest near the plasma edge at R - Ro = ±12 cm, but the error
bars are large at these radii due to the small number of counts available.
The equilibrium quantities for the stable and unstable discharges are shown in
Figures 5-39 and 5-40. The in/out position of the plasma is greater for the stable
discharge, but / + /2 is lower. This is because the increase in Ip due to ADI
stabilization is greater than the increase in plasma pressure (if such an increase in
plasma pressure occurs at all).
The effects of changing the vertical equilibrium field on the ADI are shown in
Figure 5-41. For discharges with 21 kW LHCD and 32 kW of ECH, the ADI is
stabilized only at the higher B.,, which pulls the plasma inward to smaller major
radius. This is consistent with Equation 58, which shows that the ADI is more
stable at higher magnetic field (smaller major radius).
Three mechanisms exist that could explain the stabilization of the ADI by the
EC waves: 1) perpendicular heating of the superthermal electron tail; 2) raising
of the plasma density by interaction with the thermal electrons, thereby increasing
the Dreicer field and decreasing the superthermal tail population; 3) enhancement
of the radial loss rate of the superthermal electrons. All three of these mechanisms
stabilize the ADI by reducing the anisotropy of the superthermal electron distribu-
tion function. There is no evidence of perpendicular heating of the tail electrons by
ECH on Versator for the toroidal field considered, although this possibility cannot
be ruled out. There is, however, evidence of enhanced losses of the superthermal
electrons, and the bulk density rises. The increase in the Dreicer field and/or the
enhanced losses may therefore be the most likely stabilization mechanisms.
5.6 CONCLUSIONS
Quasilinear theory predicts a current-drive synergism between LH and EC
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Figure 5-39 Equilibrium quantities for ADI-stable EC/LIICD discharge.
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Figure 5-40 Equilibrium quantities for ADI-unstable LHCD discharge.
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waves. This is caused by the lower collisionality of the EC-heated tail electrons.
Computational modeling suggests that the combined current-drive efficiency of EC
and LH waves can exceed the efficiency of either type of waves alone.
On Versator this synergism is not seen. For EC-heating of LHCD transformer-
less startup plasmas, an enhancement of the plasma current ramp-up rate is ob-
served, confirming the results of [49], but the overall current-drive efficiency is still
far below the best achievable LHCD efficiency on Versator. This improved ramp-up
rate could be a result of changes in the plasma caused by the EC waves that make it
a more suitable target for the LH waves. For example, the plasma density is raised,
the population of mildly superthermal electrons is enhanced, and the plasma column
is more centered in the vacuum chamber as a result of the ECH. These changes may
improve the coupling between the LH waves and the target electrons and decrease
radial loss of the current-carriers.
At high plasma density ((ne) = 8 x 101) a small increase in driven current is
observed with the injection of EC waves into LHCD discharges. A large increase in
the X-ray emission is observed from the plasma center for wce/w = 1.15, but not
at lower fields. The increased X-ray flux is mostly low energy, with E ;< 35 keV.
ECH-induced magnetic turbulence levels are small at this density, and the enhanced
radial losses of the superthermal electrons due to this turbulence are predicted to
be comparable to or less than the losses caused by other mechanisms on Versator.
As the density is lowered, the EC-induced magnetic turbulence increases in
magnitude, the superthermal tail during LHCD increases in average v1j, the losses
of superthermal electrons become more severe, and the incremental current driven
by the EC waves goes from slightly positive to negative. Reducing the toroidal mag-
netic field also tends to increase the losses of the superthermals. The losses of high-
energy superthermals decreases and the EC/LH current-drive efficiency increases
when the LH antenna waveguide phasing is switched from AO = 90' to O = 180*.
It is known that, on Versator, the average vo1 of the superthermal current-carrying
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population is significantly reduced for LHCD discharges with AO = 1800. The ob-
served losses and reduction in the current-drive efficiency cannot be explained by
trapping or trapping-induced losses. The observations are consistent with estimates
of the loss rates of the superthermal electrons caused by EC-induced magnetic tur-
bulence.
The anomalous Doppler instability (ADI) during LHCD is stabilized by in-
jection of EC waves under some conditions. The ADI is stabilized by reducing
the anisotropy of the superthermal electron distribution function. The EC waves
may accomplish this by perpendicularly heating the LHCD tail, by increasing the
bulk density (possibly via the electron Bernstein wave) and thereby increasing the
Dreicer field, or by enhancing the loss of the high-energy part of the LHCD tail
by ECH-induced turbulence. There is no evidence of perpendicular heating of the
tail electrons by ECH on Versator for the toroidal field considered, although this
possibility cannot be ruled out. There is, however, evidence of enhanced losses of
the superthermal electrons, and the bulk density rises. The increase in the Dre-
icer field and/or the enhanced losses may therefore be the most likely stabilization
mechanisms.
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CHAPTER 6
CONCLUSIONS
A two-parallel-temperature tail has been observed during LHCD discharges on
the Versator-II tokamak. This measurement was made using an electron cyclotron
transmission (ECT) diagnostic [58], which was improved significantly for these mea-
surements [60]. The cold tail extends to parallel energy Ell ; 4.5 keV with par-
allel temperature Tof.f e1.5 keV, and the hot tail extends to El > 150 keV with
T"j > 40 keV. Code modeling with CQL3D suggests that the cold tail is initiated
by high-Ni, low-power waves from the forward sidelobe of the antenna spectrum
with 10 < Nil < 15. The main power lobe, which is launched with 1 < Nil < 5,
creates and sustains the hot tail and helps to sustain the cold tail, via Ni1-upshift
to 7 , N1 < 10. The reverse power lobe with -10 < Nil < -5 creates most of the
reverse tail, part of which is scattered by ions, adding to the cold forward tail and
enhancing the net plasma current. In agreement with earlier code modeling [72],
the CQL3D code predicts that the Nll-upshift of the main power lobe is insufficient
to bridge the spectral gap during LHCD on Versator. Inclusion of the sidelobes in
the model is essential for correctly predicting the experimentally observed plasma
current. A similar explanation may apply to LHCD results on other small toka-
maks [33, 65, 66]. In addition, this may help to explain the increase in current-drive
efficiency with increase in volume-averaged electron temperature observed on the
JT-60 tokamak [753.
Radial profiles of X-ray emission in the energy range 20 keV < E ,<, 500 keV
during LHCD are consistent with the ECT measurements. They show the emission
to be peaked on axis, but with a large off-axis peak 8 cm toward the high-field side.
This peak may caused by a hot electron ring created near the mouth of the LH
antenna.
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During plasma formation experiments using EC waves, radial density profiles
have been obtained on a shot-to-shot basis and show that the plasma is initiated at
the EC layer and then moves toward the upper-hybrid (UH) layer. This is consistent
with theory, which predicts that after initiation the plasma is heated by damping of
electron Berstein (EB) waves. These waves result from both linear mode conversion
and nonlinear parametric decay near the UH layer. The 300 MHz ion decay-wave
is observed during plasma formation, indicating that parametric decay is occuring.
The confinement of EC-formed plasmas is found to agree with simple theory [30]
[83], which predicts that the plasma flows outward in major radius at a reduced
E x B velocity. This is supported by the density profile measurements, which show
negligible density at major radii inside the EC layer. Up to ~1 kA of toroidal
current is observed in these plasmas. This current is a consequence of the thermal
electron confinement, which is asymmetric [30, 82]. Soft X-rays with energies up to
6 keV are observed with T,,,, < 1.75 keV, indicating the presence of a superthermal
electron population.
Electron-cyclotron current drive (ECCD) is observed at densities below (ne) =
3 x 10" cm-. The efficiency 7 E (ne)IpRo/Prf = 0.003 is 30%-40% of the
maximum achievable LHCD efficiency on Versator. The plasma X-ray emission
is strongly enhanced only at energies E < 30 keV, with the strongest enhancement
in the range 1 keV < E < 10 keV. This indicates that the EC-driven current is
carried primarily by electrons with E < 10 keV. According to wave damping theory
these electrons are heated by the EC waves within -2-4 cm of the EC layer. The
highest ECCD efficiency is achieved when the EC layer is located 5-6 cm to the
high-field side of the plasma axis. This implies that during efficient ECCD dis-
charges, electrons are EC-heated on the high-field side into the energy range of a
few keV. No current drive is observed when the EC layer is located on the low-
field side (REC > R 0 ). The efficiency is independent of launch angle and launched
polarization. Well-centered or inside target equilibria yield better ECCD than do
target discharges with outside equilibria.
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The EC waves enhance plasma magnetic turbulence in the frequency range
50 kHz < f < 400 kHz by up to an order of magnitude. Assuming m = 15, it is
estimated that this reduces the confinement time of electrons with El = 80 keV from
7e = 0.5-1.5 ms to Te < 0.25 ms in the outer third of the plasma and 7e < 1.6 ms in
the inner third, while the effect on electrons with 1 keVz:: Ell <10 keV is small. Thus
the EC-enhanced magnetic turbulence does not affect the low-energy superthermal
electrons suspected of carrying the EC-driven current. The time-of-arrival of the
turbulence to probes at the plasma boundary is dependent on the location of the EC
layer, with the signal arriving sooner when the EC and UH layers are closer to the
probes. This suggests that the turbulence is not driven at the plasma edge. Plasma
electrostatic turbulence is increased by the EC waves to a lesser degree (up to a
factor of four). The magnetic turbulence is reduced by LHCD. This is consistent
with past measurements showing that LHCD improves the thermal electron particle
confinement, on Versator. The thermal electron particle confinement is observed to
degrade during ECCD.
Transformerless startup of the tokamak plasma has been achieved by launching
LH waves into EC-formed plasmas. These plasmas have Op+ /2>4, and the peaks
in their density and X-ray profiles are near R - Ro = +8 cm. When a second EC
pulse is launched into these plasmas, dI,/dt doubles and the loop voltage is reduced
to near zero. However, the overall efficiency of the combined EC/LH current drive
is still far below the best LHCD efficiency achievable on Versator. The second EC
pulse causes the plasma density and fast-electron channel to move to the center of
the vacuum chamber at R = RO by building the density at R < RO. This may cause
the increase in dI,/dt by providing a better target plasma for the LH waves.
Quasilinear theory predicts a current-drive synergism between EC and LH
waves, but this is not observed experimentally on Versator. This is at least in
part because the EC waves enhance the losses of the fast, current-carrying electrons
generated by the LH waves in the range El 3 150 keV. This is indicated by increased
X-ray flux from the limiter during EC wave injection. These losses may be caused
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by the observed EC-enhanced magnetic turbulence. The enhanced turbulence and
losses decrease with increasing plasma density, and thus may not degrade EC/LH
current-drive efficiency in a high-density, reactor-grade plasma.
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APPENDIX A
DISPERSION OF LH AND EC WAVES
A.1 Lower-Hybrid Waves
First, we analyze the case of lower-hybrid waves. Applying the lower-hybrid
approximating condition, wLu < w2 < w2 , yields the following for the dielectric
tensor elements:
W2 2
K z 1 + - -py
Ce
-i 2
zz e '
UW 2
K. a 1 -_ e
(59)
(60)
(61)
The further approximation that |K 2 2 > K, is made. This is valid for waves in
the lower-hybrid range of frequencies (LHRF) everywhere in the plasma except at
the very edge. This yields the following dispersion relation [112]:
2I NI = 
- K(. + EL
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k±N - (VIkX + KK/7K, 2 )2 N t - - K!,/K2 2 )2] (62)
The two roots of this dispersion relation are called the slow wave and the fast wave,
named after their perpendicular phase velocities. Requiring N' to be positive yields
the following condition on Ni: [112]
N [ + 1 + lW(1 - 'ce)]. (63)11 cIW e wciwce W2
Lower-hybrid waves are evanescent in regions of the plasma for which the above
inequality is violated. Making an equality out of it and solving for wpi gives the
density at which the fast and slow wave roots coalesce, i. e. , the mode-conversion
layer. At this layer an inward-propagating fast wave is converted to an outward-
propagating slow wave, and vice-versa [113, 114]:
II = NY 1+N2(y2 - 1) (64)
where Y2 o2 /w and w = WeeWe. Curves showing the accessibility condition for
the fast and slow waves with Y 2 < 1 are shown in Figure A-1 [54]. For Y 2 > 1
the accessibility curve looks like the left half of Figure A-la. For Y2 < 1 a local
maximum in the right-hand-side of Equation 63 exists at w%/w 2 y 2/(1 _ y 2 )
where
1
NiIlmin = (65)
/1- - 2
Propagation to higher densities requires no further increase in Nil.
Lower-hybrid waves also exhibit a "cutoff" region, which is a low-density region
near the plasma edge where the waves cannot propagate (as can be seen in Figure
A-1, where NI < 0 near w = 0). To determine the cutoffs properly, all three
components of the wave-vector, N,, NY, and Nz, must be explicitly included. This
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Figure A-1
is necessary for the coupling problem because the plasma boundary is an inherent
inhomogeneity. The direction of Bo and the normal to the plasma surface are innate
to the problem. The wave-vector can have components in each of these directions
and perpendicular to both. Hence, three components are required.
The wave equation becomes
K x - N2 - N 2  K.1y + NyNx N2 N. (E
Kyx + NxNy Kyy - N - N NNY = 0. (66)
N.,N, NYN, K ,7 - N. -y ( E)
The dispersion relation is obtained as before by setting the determinant of this
system of equations to zero. The cold plasma approximation yields Kx = KY =
KXZ = KYZ = 0, KYY = K, and KY = -Kyx. The lower-hybrid approximating
condition gives simplified dielectric-tensor elements as before, and the fast- and
slow-wave cutoff conditions can quickly be obtained from the resulting equation.
For cutoff, N, - 0, yielding the following:
Kz( K.- - N 2- N 2)(K - N') + KzK'y = 0. (67)
This equation has two solutions. The slow-wave cutoff density is given by K,, = 0,
so that the slow-wave is evanescent at electron densities below n' = w2 meEo/e 2
The fast-wave cutoff is given by
(Kr - NZ - N )(K.,x - N) + K2 y = 0, (68)
giving an approximate cutoff density of
72Ltofi = (meeo/e 2 )Wce /(1 - N2 - N2)(1 - N2). (69)
208
For typical Versator-II parameters of wce/27r = 28 GHz, w/27r = 2.45 GHz, N2 = 4,
N 2 = 0, this gives n toff P 34n' g making the fast-wave more difficult to
launch with an external antenna. A slow-wave antenna was used for the LHCD
experiments described in this thesis because it was readily available and because
the slow wave has a well-established record of success in driving current in tokamaks.
A.2 Electron-Cyclotron Waves
The polarization and dispersion of electron cyclotron waves in a cold plasma is
now reviewed. For these waves, w - w,, -e ,, and ion motion is usually neglected.
First we examine only "near perpendicular" propagation for simplicity. In this case,
N11 - 0 and Equation 9 becomes
(KN: N1) -AS Kxy 0. (70)
The two roots of this equation are called the ordinary mode (0-mode) and the
extraordinary mode (X-mode). The dispersion relation of the 0-mode is simply
NI = K_2. (71)
In the cold plasma limit (valid away from cyclotron resonance) this reduces to
N2 -1
N2 =I - -±2. (72)
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This equation shows that propagation of the O-mode can only occur for w > we.
The dispersion relation of the X-mode is
2 (KrzKyy + K y)Ni = ,Z .(73)
In the cold plasma limit, this gives the following, known as the Appleton-Hartree
dispersion relation for the X-mode [115]:
W2 (W2~ - W) - WeS= 
.- (74)
This equation shows that for the X-mode to propagate, one of the following condi-
tions must be satisfied:
W e < W(, - Wce) (75)
or
2 _2 2 wwW -W e < W < <4) L K + We). (76)
Equation 74 holds away from cyclotron resonance and away from the "upper-hybrid"
resonance, where 2 =) e + W . The above regions of propagation, and the
complementary regions of evanescence, are shown in Figure A-2a and A-2b for the
0-mode and X-mode, respectively.
In a cold plasma with near-perpendicular propagation, the polarization of the
O-mode is along the magnetic field, so that it only has a z-component of the electric
field. The polarization of the X-mode can be obtained by combining Equation 73
and line 2 of Equation 8:
(77)
EY Kxx
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So the X-mode is elliptically polarized (in general) in the plane perpendicular to
the magnetic field. In the cold-plasma limit, this reduces to
Ex , occpe
_ __ __ w (78)
-- = -z (8E ; (W2 We2 _2)
This shows that at the plasma edge, where w 2 < W2 ~ w', the polarization is
linear in the y-direction. Also, at cyclotron resonance (w = Wce) the polarization
becomes circular, in the direction opposite to that of the electron gyromotion. In
this case no energy is transfered between wave and particle, when averaged over
a gyro-orbit. Thus in the cold plasma limit for perpendicular propagation, the
X-mode is not absorbed at the fundamental cyclotron resonance.
For arbitrary launch angle k/B the dispersion relation becomes more compli-
cated. For a cold plasma, the Appleton-Hartree dispersion relation becomes [115]
N 2  1 e2(w2 _ 2 )
2 2 2 (,2 - )- W2 e (sin 2 9 i p)
with
P~ Sin40+ 4 ( LW, )Cos 2 6 (80)
The plus sign in the denominator of Equation 79 describes the X-mode, the minus
sign describes the 0-mode, and 6 = k/BO is the angle between the wave vector and
the confining magnetic field. Equation 79 reduces to Equations 72 and 74 when
9 = 7r/2.
For angles satisfying N Icos01 > vi,/c and sin4  > 4(1 e/w)2 cos2 9)
(which is the case for all off-perpendicular propagation angles considered in this
thesis), the polarization of the 0-mode is given by [115]
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(81)(- o~ o~)cos86
and
E Y - wE - Loce tan 0 = 2 - (1 - wp, /we) v .
E, Wce C Z(()
where Z(() is the plasma dispersion function, defined by
Z(() =00 -2 dt,
and ( (- /v/2k ve. For the X-mode, the polarization is
EY/E, = -i (2- P e / ) 
_COS
(82)
(83)
(84)
and
EX-iEY + - )eetanO = -2 (1 -c/2ee) (1+ C/we) (w2 /wP ) C 1
(85)
provided that wpe < WCe.
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APPENDIX B
ABSORPTION OF EC WAVES
First, the dielectric tensor elements are derived in the following way. The
relativistic, linearized Vlasov equation is integrated along the zeroth-order particle
orbits [115]. Assuming plane-wave solutions, this integration gives an expression for
the first-order (oscillating) distribution function fj for each particle species, which
in turn gives the first-order current J= Ej Zje f vfj d'p, where the integral is
over momentum. This J is then substituted into Equation 3 to obtain the dielectric
tensor (identical to Equation 4 but with all elements nonzero in general), from which
all the wave characteristics may be obtained. The resulting integral expressions for
the dielectric tensor elements Kij are extremely complicated, and have not yet
been reduced to usable form for the general case. However, useful expressions can
be obtained if a number of simplifying assumptions are made. The dielectric-tensor
elements are still complicated in this case, and they will not be listed here. Instead,
they shall be used to find the damping rates in the regimes of interest. Only
waves near the first electron-cyclotron harmonic (w - w,,) in a weakly relativistic
(vi, < c2 ) Maxwellian plasma are considered. In most cases, it is valid to apply
the WKB approximation (a/ar < k) and to assume the damping is weak (Im k <
Re k), where ais applied to plasma equilibrium quantities. In this case, the plasma
can be considered to be locally homogeneous, and the power damping coefficient a
can be obtained by applying energy balance, giving [115]
weoE* Ka -E
a = 2(86)
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where
S(kr, W) = -Re (E x B*) - E E. (87)2po 4 ak
The first term of S is the Poynting flux, and the second term is the flux of wave-
coherent kinetic energy, which is zero for a cold plasma. So the absorbed power is
determined by the wave polarization and amplitude and the anti-Hermitian part of
the dispersion tensor, Ka. The energy flux S(k, w) is determined by the polarization
and the Hermitian part of the dispersion tensor, 1(.
Applying Equation 86 to the case of near-perpendicular propagation of the 0-
mode near the fundamental w = w,, in a Maxwellian plasma, the absorbed power
and absorption coefficient are given by [115]
WCO ~W6 0 IE1E* - K - E = e'7/2 (zI) E212  (88)227
and
1 NL 2 --LceF"/2 (zi) (89)
2c1 we+ F7/2(ZI)
where eq = + Z',,F=F' + iF
2 / q-7
2 q-1/ (  -35/2)!w p, K ) 2 5-F,(zi), (90)
F ZI) 00%~ d7 _ 2.' r
F(zi ) -i - ,', (91)
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and z, = c2 (w - w,) /vtew. The above expression for the absorption coefficient,
Equation 89, can be calculated numerically. The result can then be used in a ray-
tracing calculation to determine the EC-wave damping along each ray path. This is
done in Chapter 4, using the EC ray-tracing and damping code TORCH. [77]Here
the damping is estimated by noting that NI and F" are both of order unity, so
that the 0-mode absorption coefficient reduces to [115]
e ' (92)
CWce
For Versator parameters, this gives ao a 6 cm-'ne (10" cm- 3 ). Defining the line
width for absorption using Aw = fE" a dw/amaz yields the following for the line
width across the fundamental resonance [115]:
Ro Aw (93)A R = W = 166v/c 2(cm). (93)
W Ce
For typical ohmic target discharges on Versator, 150 < T, < 250 eV, so v /c2
8 x 10-4 and the line width is about 1 mm. Combining this result with Equation 92
gives an approximate O-mode single-pass absorption of 1 - exp(aoA) _ 13% for a
plasma density at the resonance layer of 5 x 1012 cm-3. For EC-formed discharges
with 15 eV < Te < 30 eV, the single-pass absorption is an order-of-magnitude lower.
For the X-mode, the absorbed power is given by [115]
E* . K - E =i-E'/ 2 (z1 )[Ex -1iE47r 47r [
F"- (z) Eyl2 - IEr 2 (94)
S3A2 F/ 2 (zi) 2
2 F/ 2 (zi)
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where A = kr c and rce is the electron gyroradius. For waves with left-
handed circular polarization in the plane perpendicular to B, the first two terms on
the right-hand-side are zero, and for A = 0 the thrid term is zero. This expression
shows that the absorption is caused by the noncircularity of the polarization and
the finiteness of the electron gyroradius. To a good approximation, the energy flux
is purely electromagnetic for the X-mode, and the absorption coefficient is given
approximately by [115]
ax - aovte/c2  (95)
This shows that, for quasiperpendicular propagation, the damping of the X-
mode is much weaker than that of the O-mode. For Versator ohmic discharge
parameters, this gives 0 x ; 0.0023 cm-'. The line width for the X-mode is
3.2ROvt,/c 2 - 1 mm, giving a single-pass absorption of 0.02%. This clearly demon-
strates that on Versator, the absorption of the X-mode by the thermal electron
population is negligible for quasiperpendicular propagation, whereas the absorption
of the 0-mode is weak but not negligible.
For oblique propagation, the absorption coefficients for the 0-mode and the
X-mode are given by [115]
WeVte W~c
ao = w 2 Im (Z~'(()) (96)
d LA. 2 cos6
and
ax =2- 1 - 2 + Uie )c2sLmZ- V)) (97)ax 2w I ~2 2 2 2 c Icos 0I Im (Z(t). ()2v'w e We U) ect
217
These can be approximated as
to P (98)
wc2cos 6
and
ax wcevte I COS (99)-
Pec
For Versator parameters as above with w7, = w,, and 9 = 450, this gives
ao = 0.12 cm- 1 and ax = 0.46 cm'. The line width for both modes is given by
[116]
Rovte
.R - R Icos 0|. (100)
The line width is therefore about 0.56 cm, and the single-pass absorption by
the thermal electrons for the 0-mode is approximately 6% and for the X-mode it
is approximately 23%. Thus for 0 = 45*, the absorption of the X-mode is stronger
than the O-mode absorption for wp,/w;, = 0.5. These absorption values are in
reasonable agreement with values given by TORCH [77]. In this density range, the
O-mode absorption increases with increasing density, and the X-mode absorption
decreases with increasing density.
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APPENDIX C
MODE CONVERSION AND PARAMETRIC DECAY
The process of linear mode conversion between the cold plasma X-mode and
the hot plasma EB wave is briefly described here, following the analysis of reference
[3]. Here the designations cold plasma, warm plasma, and hot plasma refer to the
condition that k rce is small, comparable to, or large compared to unity. The linear
dispersion relations for the two modes are solved, and NI is plotted versus density
or w/wp, as shown in Figure C-1. This reveals that the solutions for the two modes
pass near one another at the upper-hybrid layer, and that they are in fact joined by
the solution for the electron plasma wave, which is the solution in this region under
the "warm plasma" approximation. The dispersion relation near the upper-hybrid
layer under the warm-plasma approximation is then inverse-Fourier-transformed,
and four linearly independent solutions are found that are open integrals in the
complex plane. The integrals may be performed using the method of steepest
descents, and the required integration contours connect propagating solutions for
the X-mode and the EB mode with phase velocities in the same direction on the
high-density side of the upper-hybrid layer to an evanescent wave on the low-density
side. Because the EB wave has opposed phase and group velocities, this shows that
an X-mode approaching the upper-hybrid layer from higher density will be reflected
and converted to an EB wave propagating away from the upper-hybrid layer toward
higher density, and vice versa. A similar mode conversion may take place in the
presence of an inhomogeneous magnetic field.
The process of parametric decay of the electromagnetic X-mode into an elec-
trostatic electron Bernstein wave and a low frequency ion mode is now examined
[4]. We describe the dispersion relations for the modes, and show the selection rules
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and power threshold for the decay process. The relevant decay process takes place
near the upper-hybrid (UH) frequency and the fundamental EC frequency. The
selection rules that must be obeyed for this process to occur are the following:
wo (ko) = w1 (ki) + w 2 (k 2 ) (101)
ko = ki+k 2 , (102)
where wo and ko are the pump (X-mode) wave frequency and wavenumber, w, and
ki are the frequency and wavenumber of the low-frequency ion mode, and w2 and
k2 are the frequency and wavenumber of the EB wave. The EB wave (a sideband
to the pump wave) is a normal mode of the system, obeying a dispersion relation of
the form K,(r2, k,,) = 0. This is not necessarily true for the low-frequency mode,
which is called a quasi-mode when the normal-mode condition is not satisfied. In
our case the quasi-mode is a heavily damped lower-hybrid wave. The dispersion
relations for the modes are given by:
W2 = WI 1+ + 3Ae W2  (103)k me Te wi
2 2 21 I121 ce
L4)2 Wuh - [OeA, + k2-- W2 (104)
where A, = k2r2 ')= 2e + L?2 and Wih = w ,/(1 + LO,/w ). It is assumed
that wpe ee, A, < 1 and k /k2
220
.1
UPPER HYBRI +- DENSITY
Figure C-1 Dispersion of the X-mode, the electron plasma wave, and the elec-
tron Berstein wave, showing mode conversion (from ref. [3]).
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APPENDIX D
ONE-DIMENSIONAL LHCD THEORY
In quasi-linear theory, the effect of LH waves on plasma electrons is encapsu-
lated into a quasilinear diffusion coefficient, DQL, which enters the one-dimensional
Fokker-Planck equation as follows:
Of _ 0Of Ofa- = -DQL(vII) + - (105)
at avi avil at c
where is the Fokker-Planck collision operator, which includes Coulomb scat-
tering in Lth the parallel and perpendicular directions. Equation 105 is obtained
from the quasi-linear Vlasov equation and the Fokker-Planck description of colli-
sions. Integrating Equation 105 over the perpendicular direction, assuming f is
Maxwellian in vI, yields the following equation for high velocity electrons:
f = 
- + D(2) + Zi) ( f+ -- (106)
Or Ow Ow Ow Uw3 w w2
where w = v11/vih, r vOt, VO ='w 3 ,  V' = wpe In A/2rnev , D(w) = DQtlvov2h,
and Zi is the charge state of the ions.
With strong LH waves, it is assumed that D(w) > 1 for w, < w < w 2 and
zero otherwise, so that the steady-state solution to Equation 106 is approximately
flat for w, < w < w2 and roughly Maxwellian outside this region (see Figure D-1).
The level of the plateau is found by evaluating the bulk Maxwellian at w = wi:
2
e~1
f(w) - f(wi) = . (107)
w<w<W2 <
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The current carried by the resonant electrons with w, < w < w2 is given by
/ W2W jf dw (108)
e-" {W'2
= neevth (
In the steady-state, the power absorbed by the resonant electrons from the waves is
equal to the power absorbed by the bulk from the resonant electrons via Coulomb
collisions, assuming the resonant electrons are perfectly confined. This dissipated
power is given by the following:
Pd = nemevhVsw 2 f(wl) dw (109)
where v, = v'(z'i/v )(2 + Zi) in the limit vil/vt, >> 1, which is a good approxima-
tion for the high velocity resonant electrons [8], and Zi is the charge state of the
background ions. Evaluating the above integral yields
Pd = nem vzhv' (2 + Zj) ln(w 2 /Wl). (110)
The total driven current over the total input power is given by
I = ()(111)
P 27rR(Pd)
where ( ) indicates an average over the plasma cross-section, and toroidal symmetry
is assumed. The current-drive figure of merit 77 is obtained by combining Equations
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108,110, and 111, giving
7Te (102 0 m-3 )I(kA)R(m)
P(kW) (112)
-0.0054T(keV) (2 ' 12 ) (2 + Zj) ln(W2/WI)'
Note that r is proportional to velocity squared. Expressed in terms of the N11 of
the LH wave spectrum, the figure of merit is
1.4 1/N 2 - 1/N(
2 +Zi 21n(NII /N12)(1)
where N112 < Nil < Ni . This shows that waves with high parallel phase velocity
(low Nil) drive current more efficiently. This is because they resonate with faster
electrons, which carry more current and collide less frequently with background
electrons and ions.
224
f(w)
Wi w2
Figure D-1 Assumed distribution of electrons in the presence of strong LH waves.
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APPENDIX E
ANOMALOUS DOPPLER INSTABILITY THEORY
Following the analysis of references [109}and [110], the linear growth of the
instability and the action of the waves on fe are described by the following two
quasilinear equations:
af + cEo af
mi -
(a8 Vi- D (a
vii a
Ia)
(114)
a af +f
+ -DO- + -
0v1 1v~1~collisions
dtk W'
Do = 4
D, I=
I
I
dkk/k 2 Wkb (wk - kllv 11)
k2 W~ (W2 - kj 1v11)
Yk --
')2
7r 2e
+2mk 2
k2 dv6(Wk - k||v1 )k aff avil
Idv kj
w2e ( V11
_ 
l av I ) f
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where
(115)
(116)
(117)
(118)
k 2 1 P2
Wk= k27 (119)
Wk = Wekjj/k and ( is the wave potential. The first term on the right hand side of
Equation 114 describes the diffusion of electrons along constant energy contours due
to the anomalous Doppler effect. For e = jme (VI + vi =constant, the operator
'9/ai - (v /vi) O/vw vanishes for any function of e. The second term on the
right-hand-side of Equation 114, which acts in a different part of velocity space, is
the ordinary one-dimensional diffusion term, corresponding to parallel diffusion by
parallel gradients and directly affecting the electron energy. Coulomb collisions (the
third term on the right-hand-side) are neglected because v > vie for the region of
interest. Because the two remaining terms of Equation 114 act in different regions
of velocity space, the equation can be solved separately for each part.
For v > vcr = eEo/mvea(v) (the critical runaway velocity) the electron distri-
bution function can be approximated by:
fo no 3 EDEO (i + VC/VI) e L-/ T (Vb(t)/1/ - 1)
where ED is the Dreicer field, 0 is a step function that equals zero for negative
argument and one for positive argument, and TIa = TbIk has been assumed (this
can be a relatively poor assumption; see reference [117] for a discussion of the
corrections for T{y' > T bIk ). This gives the following for the wave growth rate:
2v__ 2 IkiI 3  k___ 2 __2_Vei eWk EEo 2  v 2k= e - (E + 
2 k2 Vie Wk 2kojce Wce (120)
( klVb(t)/We, - vei/2.
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The following three conditions apply at the stability threshold: y = 0; /k&kgl =
0; 7yk/&kI = 0. These conditions, applied to Equation 120, give the following
threshold for instability:
/c 3/2
V) >3 - Ver (121)
(ope)
where Vb = eEot/m is the beam velocity. Note Vb cc B3/2n , so that Equation 121
implies that it is harder to excite the ADI in regions of high magnetic field and, to
a. much weaker degree, high density. Thus the ADI is more stable when the plasma
is located towards the inside of the vacuum chamber (R < RO), where w,, is largest.
The threshold velocity vb is determined by the competition between wave
growth in the velocity-space-region Vjf = We/kl = vb due to the anomalous Doppler
effect and cyclotron damping in the region Wk/kii - wp,/k = vbwpe/vIoce. As men-
tioned in the beginning of this section, the wave growth is caused by the near-elastic
diversion of electrons along near-constant-energy contours near vil = Wc/k 1 (the
first term on the right hand side of Equation 114), and the waves are simultaneously
damped in the region Wk/kj1  VbWp//5wce, forming a raised plateau there. The
resulting distribution function is unstable to the "bump-on-tail" instability, and
further evolves as shown in Figure 5-34.
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